
















The Dissertation Committee for Xiaolei Peng Certifies that this is the approved 
version of the following Dissertation: 
 



































Presented to the Faculty of the Graduate School of  
The University of Texas at Austin 
in Partial Fulfillment  
of the Requirements 
for the Degree of  
 
Doctor of Philosophy 
 
 







First, I would like to thank my PhD adviser, Prof. Yuebing Zheng for providing me 
the invaluable opportunity to work on the project titled “Virtual Plasmonic Tweezers for 
Versatile Manipulation of Cells and Biomolecules”, which was funded by Arnold and 
Mabel Beckman Foundation. Prof. Zheng has given me considerable freedom in starting a 
new optical lab and exploring various research areas. I am extremely grateful for his 
unparalleled guidance and support in transforming an undergraduate with a physics 
background to a materials scientist and an optical engineer.  
I must also thank the insightful suggestions from my committee members including 
Prof. Xiaoqin Li, Prof. Michael F. Becker, Prof. Adela Ben-Yakar, and Prof. Chong Xie. I 
am grateful to Prof. Becker for his instructions on Fourier Optics and spatial light 
modulators. I also appreciate the help received from the students in Prof. Li’s, Prof. Ben-
Yakar’s, and Prof. Xie’s group. They were always ready to answer any questions related 
to optics, microfluidics, and biological cells.  
I feel highly honored to collaborate with Dr. Linhan Lin on elucidating the 
underlying physics of optothermo-matter interaction and rational optical engineering for 
optothermal manipulation of colloidal particles and living cells. The constructive advice 
and strict training from him cannot be overestimated in conducting my doctoral research. 
 I also wish to extend my sincere thanks to other group members, Dr. Mingsong 
Wang, Dr. Zilong Wu, Dr. Eric Hill, Dr. Kan Yao, Dr. Yunlu Sun, Dr. Abhay Kotnala, 
Yaoran Liu, Bharath Bangalore Rajeeva, Jingang Li, Zhihan Chen, Pavana Siddhartha 
Kollipara, Hongru Ding, Jie Fang, Jimi Wang, Youngsun Kim, and Rohit Unni. 
 v 
 
I very much appreciate the assistance from Wei Li in Prof. Deji Akinwande’s group, 
Taizhi Jiang in Prof. Brian Korgel’s group, Pranaw Kunal in Prof. Simon Humphrey’s 
group, Emanuel Lissek in Prof. Ludwig Florin’s group and Prof. Daniel Heinzen. 
Thanks also should go to Prof. Jinbo Yang, Prof. Qinghong Cao, Prof. Xi Lin from 
the School of Physics, Prof. Ya Xu from the Department of English at Peking University, 
for their recommendations and encouragement in applying for the Materials Science and 
Engineering program at UT.  
I am deeply indebted to my family for their unconditional support and love, as my 






Optothermal Manipulation of Colloidal Particles and Biological Objects 
 
Xiaolei Peng, Ph.D. 
The University of Texas at Austin, 2019 
 
Supervisor: Yuebing Zheng 
 
Optical based manipulation techniques play an important role in bottom-up 
assembly of micro- and nano-structures, discovery of new materials, and biomedical 
diagnostics. Traditional optical tweezers have limitations for the requirement of rigorous 
optics and high optical power. Optothermal manipulation, which exploits light-heat 
conversion and particle migration under a light-directed temperature field, is an emerging 
strategy for achieving diverse manipulation functionalities in a low-power fashion. In this 
work, we have developed a series of optothermal manipulation techniques, including 
bubble-pen lithography, opto-thermophoretic tweezers, opto-thermoelectric tweezers, and 
opto-thermoeletric printing. In bubble-pen lithography, microbubbles generated at solid-
liquid interfaces through laser heating of a plasmonic substrate are used to pattern diverse 
colloidal particles on the substrate. Through directing the laser beam to move the bubble, 
we create arbitrary single-particle patterns and particle assemblies with different 
resolutions and architectures. The key to optothermal tweezers is the ability to achieve 
negative Soret effect, or deliver colloidal particles from cold to hot regions in a temperature 
field. Two types of optothermal tweezers with different driving forces are explored for 
versatile manipulation of colloidal particles and biological objects. Opto-thermophoretic 
 vii 
tweezers rely on an abnormal permittivity gradient built by layered solvent molecules at 
the particle-solvent interface, while opto-thermoelectric tweezers exploit a 
thermophoresis-induced thermoelectric field for low-power trapping of nanoparticles. 
Furthermore, we have demonstrated opto-thermoelectric printing of colloidal particles on 
substrates in salt solutions and hydrogel solutions. With the low-power operation, simple 
optics, and diverse functionalities, optothermal manipulation techniques will find a myriad 
of applications in colloidal science, materials science, nanotechnology, and life sciences, 
as well as in developing functional colloidal devices and biomedical devices.  
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particles. (a) Schematic illustration and (b) time trace of a 500 nm PS sphere under an 
optically controlled temperature field in a pure hydrogel solution. (c) Schematic 
illustration and (d) time trace of a 500 nm PS sphere under an optically controlled 
temperature field in a hydrogel solution with 10 mM CTAC. (e) Trapping stiffness for 
500 nm PS spheres as a function of CTAC concentration. κx and κy are the trapping 
stiffness in the x and y directions, respectively. The error bars represent the deviation 
in five measurements with different particles. A (a-d) 20 µm and (e) 120 µm thick 
spacer were used to confine the solutions between a Au substrate and a coverslip, 
respectively. A 660 nm laser beam with a diameter of 943 nm and an optical power of 
0.23 mW was irradiated onto the Au substrate ............................................................93	
Figure 5.7: Optical spectroscopy of trapped and patterned nanoparticles in hydrogel 
solutions. (a) Dark-field scattering spectra of a 300 nm SiNS before and after cross-
linking. (b) Dark-field scattering spectra of a single AuNS (bottom) and two AuNSs as 
a dimer (top) after cross-linking. The insets show the schematic illustrations and dark-
field optical images for each curve after cross-linking. A 532 nm laser beam with a 
diameter of ~ 520 nm and a power intensity of 0.2 mW/µm2 was used to trap the 
particles in a hydrogel solution of 20 mM CTAC. Scale bars in the insets of (a-b): 1 
µm. ...............................................................................................................................97	
 xxv 
Figure 5.8: Opto-thermoelectric assembly and immobilization of various colloidal 
superstructures in hydrogel solutions. Assembly of (a) 1 µm, (b) 2 µm, and (c) 5 µm 
PS spheres into 2D close-packed superstructures. (d) 1D assembly of 2 µm PS spheres. 
(e) 2D hybrid assembly of a Saturn-ring superstructure with a 5 µm PS sphere and eight 
2 µm PS spheres. (f) 3D assembly of a close-packed tetrahedron superstructure with 
four 2 µm PS spheres. (g) 2D hybrid assembly of a 5 µm PS sphere surrounded with 
four 2 µm silica spheres. (h) 2D hybrid assembly of two 5 µm PS spheres and two 2 
µm silica spheres. (i-j) 2D hybrid assembly of a 1 µm, 2 µm, and 5 µm PS sphere into 
two close-packed superstructures with an opposite chirality. The pink images are the 
corresponding optical microscopy images. The inset in (c) shows the scanning electron 
micrograph of the corresponding superstructure after cross-linking of the hydrogel. All 
the colloidal superstructures were assembled in hydrogel solutions of 20 mM CTAC 
and patterned via UV-induced cross-linking. For assembly, 20 mM is an optimized 
concentration for strong depletion attraction between the assembled particles. A 532 
nm laser beam with a diameter of 2 µm was used for assembly. Scale bars: 5 µm. ....99	
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Chapter 1: Introduction to Optothermal Manipulation1 
Optical manipulation arises from direct or indirect light-matter interactions, which 
provide a light-directed driving force to deliver or trap colloidal particles. In optical 
tweezers, the deflection of incident light at the particle-environment interface generates an 
optical gradient force, which can directly trap particles at the beam center.1 Optical 
tweezers are versatile in manipulating a wide range of particles in three-dimensions (3D).2 
However, the strength of the optical gradient force highly depends on the optical setup and 
the intensity of the trapping laser.3 The working power of optical tweezers is generally high 
(102-103 mW), which can damage fragile objects such as functional colloids and biological 
cells.4  
Several different strategies have been established to overcome the limitations of 
optical tweezers. The excitation of localized surface plasmons at metal nanoantennas can 
significantly amplify the electromagnetic field in the vicinity of the nanoantennas, 
providing a plasmon-enhanced optical gradient force for near-field optical trapping and 
thus reducing the operational power of plasmonic tweezers.5 However, the localized nature 
of plasmonic hot spots limits the dynamic manipulation capability of plasmonic tweezers.6 
Another strategy is to introduce a light-controlled electric field or temperature field for 
indirect optical manipulation. For example, optoelectronic tweezers exploit the 
dielectrophoretic migration of particles under a non-uniform optoelectronic field for low-
power manipulation.7 Optical manipulation through optical heating, or optothermal 
manipulation, is alluring because photon-phonon conversion is an entropically favorable 
                                                
1 Chapter 1 was published in the journal: L. Lin, E. H. Hill, X. Peng, and Y. Zheng, Optothermal 
Manipulations of Colloidal Particles and Living Cells, Acc. Chem. Res., 2018, 51, 1465-1474. I am a co-
author of this review paper. 
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process and heat-directed migration is applicable to variable particles in different fluidic 
environments.  
Optothermal manipulation is a two-step process, that is, photon-phonon conversion 
to optically build a temperature field and directed particle migration under the temperature 
field. The migration of colloidal particles under a temperature field involves multiple 
physical processes.8, 9 It has been shown that the migration of particles is sensitive to a 
variety of parameters such as surface charge of the particles, solvent composition, 
environmental temperature, and morphology of the fluidic chamber, making it challenging 
to design a general optothermal platform for colloidal manipulation.10, 11 Over the past 20 
years, researchers have developed theories that describe the directed migration of colloidal 
particles within a temperature field.12-15 Optothermal manipulation techniques for 
controlling colloidal particles under specific conditions have recently been 
demonstrated.16-19 Herein, we discuss the working principles, design concepts, and 
applications of various optothermal manipulation techniques, including bubble-pen 
lithography, opto-thermophoretic tweezers, opto-thermoelectric tweezers, and opto-
thermoelectric printing.  
 3 
Chapter 2: Bubble-Pen Lithography2 
Lithography20-23 and chemical synthesis24, 25 are considered as two primary 
strategies for nanofabrication. Photolithography has remained as the driving force for 
semiconductor industry. However, its resolution is reaching an ultimate limit. E-beam 
lithography and ion-beam lithography feature high resolution and arbitrary patterning, 
however, are limited by high cost and low throughput. Chemical synthesis has advantages 
in both low cost and precise control of compositions, sizes, and shapes of nanomaterials. 
With their precisely tailorable properties down to the atomic level, colloidal micro-/nano-
particles are promising as building blocks for functional devices.26-28 However, the device 
applications require the patterning of particles on solid-state substrates. For this purpose, a 
wide range of techniques have been developed, including self-assembly,29-33 Langmuir-
Blodgett (LB) method,34 dip-pen nanolithography,35, 36 polymer pen lithography,37 and 
contact-printing.38 
Optical tweezers have been proven effective in manipulating the colloidal micro-
/nano-particles in solutions.1, 39, 40 Despite its capability of offering remote, real-time, and 
versatile manipulation of colloidal particles, conventional optical tweezers require high 
laser power (100 mW/µm2) that can damage the colloidal particles and have remained 
challenging to immobilize the particles onto the substrates. Although a combination of 
optical trapping and convective fluid flow leads to immobilized particles of a single type 
of featureless close-packed aggregates on the substrates upon the solvent evaporation,41 
there remains a critical need for new light-based techniques that can create arbitrary 
patterns of colloidal particles immobilized on the substrates. Recently, Feldman and his 
                                                
2 Chapter 2 was published in the journal: L. Lin*, X. Peng*, Z. Mao, W. Li, M. N. Yogeesh, B. B. Rajeeva, 
E. P. Perillo, A. K. Dunn, D. Akinwande, and Y. Zheng, Bubble-Pen Lithography, Nano Lett., 2016, 16, 
701-708. I am a leading author.  
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co-workers used the optical tweezers to trap the metallic nanoparticles at the resonance 
wavelength, guide them to the substrate, and bind the particles via van der Waals attraction 
to the substrate.42 Optoelectronic tweezers represent another milestone in extending the 
capability of optical tweezers.7, 43-45 Based on the optically patterned virtual electrodes on 
a photosensitive substrate, optoelectronic tweezers can grab and immobilize colloidal 
particles on the surface of hydrogenated amorphous silicon.46 
2.1 WORKING PRINCIPLE OF BPL 
Herein, we have developed BPL to optically write arbitrary patterns of colloidal 
particles on the substrates. In BPL, an optically controlled microbubble is generated to 
capture and immobilize colloidal particles on the plasmonic substrates through the 
coordinated actions of Marangoni convection, surface tension, gas pressure, and substrate 
adhesion in the substrate-bubble-solution system. The irradiation of a plasmonic substrate 
with a focused laser beam at the plasmon resonance wavelength generates a microbubble 
at the substrate-solution interface. Due to the plasmon-enhanced photothermal effects, the 
bubbles of variable sizes can be generated at a significantly reduced power. We can 
generate bubbles down to 1 µm in diameter, which are much smaller than the microbubbles 
(diameter in the range of 50-100 µm) commonly used in microfluidic devices for 
manipulation of particles.47-49 
Fig. 2.1a illustrates the experimental setup for BPL. A laser beam is focused onto 
the plasmonic substrate by a high-magnification objective from the bottom of the sample. 
An optical microscope with a white light source, objectives, and a CCD is integrated into 
the system for real-time monitoring of the patterning process. Colloidal particles suspended 
in deionized (DI) water were sandwiched between a plasmonic substrate and a cover slip 
with a spacer of 120 µm. As illustrated in Fig. 2.1b, a microbubble is generated on the 
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plasmonic substrate upon the irradiation of a laser beam of 2 µm in diameter due to water 
vaporization from the plasmon-enhanced photothermal effects.50, 51 The colloidal particles 
are dragged toward the microbubble, trapped at the bubble/water interface and eventually 
immobilized on the substrate. By controlling the laser beam, we can move the microbubble 
to create patterns of particles dictated by the trajectories of bubble movement. 
The optical generation of microbubbles at the solid-water interface using plasmonic 
substrates consisting of Au nanoparticles was reported previously.50, 52, 53 Herein, we 
employ plasmonic substrates consisting of quasicontinuous Au nanoislands (AuNIs), 
which are tuned to match their plasmon resonance wavelength with the laser wavelength 
(532 nm) and to have a high nanoparticle density in order to minimize the critical optical 
power for the bubble generation. The typical plasmonic substrate has Au nanoparticles of 
20-40 nm in diameters and 5-10 nm in interparticle distances with a particle density of 
1×1011 particles/cm2 (Fig. 2.1c), which is much higher than the particle density in the 
plasmonic substrates in previous work.50, 52 As shown by simulated electromagnetic field 
distribution over SEM image of the AuNIs (Fig. 2.1c), the laser irradiation leads to a high-
density electromagnetic “hot spots” that arise from strong near-field coupling between 
neighboring Au nanoparticles. The network of “hot spots” on the AuNIs allows spatially 
continuous generation and movement of microbubbles for arbitrary patterning. Both 
simulated and experimental absorption spectra (Fig. 2.1d) reveal that the plasmon 
resonance peak wavelength of the AuNIs matches the laser wavelength, which significantly 
enhances light absorption and photothermal effects for low-power bubble generation.     
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Figure 2.1: Working principle of BPL. (a) An overview of experimental setup for BPL. 
(b) Schematic illustration of pattern-writing process using an optically controlled 
microbubble on a plasmonic substrate. The small blue spheres represent colloidal particles. 
(c) An overlay of scanning electron microscopy (SEM) image and simulated electric field 
distribution of quasicontinuous Au nanoislands (AuNIs). (d) Simulated and experimental 
absorption spectra of the AuNIs substrate. 
In BPL, both natural convection and Marangoni convection are responsible for 
particle trapping at the microbubbles. The former is caused by a temperature gradient on 
the plasmonic substrate. The latter is induced by a surface-tension gradient along the 
microbubble surface (Fig. 2.2a). The convective flow drags colloidal particles down to the 
plasmonic substrate and the in-plane drag force drives particles toward the microbubble. 
The trapping occurs when a particle touches the microbubble, as shown in the inset of Fig. 
2.2a. The surface tension force FS at the gas/liquid interface leads to an effective drag force 
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FD, which attracts the particle toward the microbubble. The pressure inside the 
microbubble, which can reach 3.4 bar for a 1 µm bubble,52 is much higher than the pressure 
in water, which can be treated as atmospheric pressure. The balance is achieved when the 






𝑠𝑖𝑛( 𝜃? − 𝛽 )
𝑠𝑖𝑛 𝛽 = 1 (1) 
where RB is the radius of the microbubble, FP is the force induced by the gas/liquid pressure 
difference, R is the radius of the colloidal particle, qC is the contact angle between the 
particle and the bubble, and b is the half-central angle. 
We used computational fluid dynamics (CFD) simulations to obtain the 
temperature distribution around a 1 µm bubble (Fig. 2.2b) when the substrate is illuminated 
by a focused laser beam with a diameter of 2 µm and power density of 0.56 mW/µm2 
(measured at the focus plane of the objective). The resultant bottom-to-top temperature 
difference of ~60 oC creates a surface tension gradient along the bubble surface. The flow 
velocity distribution around this microbubble is displayed in Fig. 2.2c, with a maximum 
flow velocity of ~0.3 m/s at the gas/liquid interface. The flow velocity decreases when the 
distance from the microbubble is increased. It ranges from 1 to 100 µm/s at the distances 
of 15-5 µm. Due to the convective flow, the particles are dragged toward the microbubble 
according to Stokes’ law: 
𝐹D = 6𝜋𝜇𝑅𝜈 𝑅  (2) 
where µ is the dynamic viscosity of the solution and n(R) is the flow velocity of solvent 
relative to the particles, which is also dependent on R. As shown in Fig. 2.2c, the larger 
particles have the mass center farther away from the substrate surfaces, experiencing a 
different flow velocity from the smaller particles. At a constant mass density, the 
acceleration of the particles is estimated as 𝑎 ∝ 	𝜇𝑅LM𝜈(𝑅). 
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Figure 2.2: Particle trapping at a microbubble that is generated through plasmon-enhanced 
photothermal effects. (a) Schematic illustration (in a cross-sectional view) of the particle-
trapping mechanism by a single microbubble. The blue spheres indicate the suspended 
particles in the DI water. The particles follow the convective flow due to the frictional 
force. The inset shows the force analysis when a particle is trapped by the microbubble 
(indicated as the red dash line). PB and PL indicate the pressure in the bubble and liquid, 
respectively, which introduce a net force of FP pushing the particle outward. The surface 
tension FS introduce a drag force FD. (b) Simulated temperature distribution around a 1 µm 
bubble in a cross-sectional view. (c) Simulated flow velocity distribution around a 1 µm 
bubble with logarithmic scale in a cross-sectional view. The black lines indicate 
streamlines of the convective flow. (d) Time-resolved trapping process of a single 5.31 µm 
PS bead by a 1 µm bubble. Scale bar: 5 µm. 
We measured the particle-trapping speed by recording the time-resolved trapping 
processes of single PS beads with diameters of 5.31 µm (Fig. 2.2d). A traveling distance 
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of ~20 µm is used to estimate the average trapping speed. The 5.31 µm PS bead exhibits 
an average speed of 18.1 µm/s. The drag force and trapping speed depend on the distance 
between the particle and the microbubble. There is a dramatic increase of the trapping 
speed when the particle approaches the microbubble (Fig. 2.2d), indicating that the relative 
velocity n dominates the trapping process.  
2.2 PATTERNING OF PS MICRO-/NANO-PARTICLES ON PLASMONIC SUBSTRATES 
We exploit plasmon-enhanced photothermal effects, which improve the adhesion 
between the PS beads and the substrate, to immobilize the bubble-trapped particles on the 
substrates for particle patterning. Fig. 2.3a shows the optical micrographs of the variable 
microbubbles generated under the light illumination with different power densities. The 
bubble pattern in Fig. 2.3a was generated in series by translating the sample stage and 
recorded in sequence. The smallest bubble with a diameter of 1 µm is generated at the laser 
power density of 0.56 mW/µm2. An increase in the optical power density enlarges the 
bubbles because an increased amount of water steam was generated and air molecules 
diffused into the bubbles. As shown in Figs. 2.3b-c, the 540 nm PS beads can be 
immobilized on the substrate by the bubbles, leading to different patterns. At the lowest 
optical power density, three PS beads form a cluster with 2D configuration. When the 
power density is increased to 0.97 mW/µm2, a large bubble with a diameter of >3 µm leads 
to a three-dimensional (3D) hollow structure of the beads on the substrate (Fig. 2.3d), 
revealing that the trapped PS beads are aligned along the whole gas/liquid interface. 
Besides the bubble size, the patterns of beads also depend on the concentration of the beads 




Figure 2.3: Patterning of the PS beads on the substrate at different laser powers. (a) Optical 
micrographs of a series of microbubbles generated with different laser power densities: 
0.56, 0.64, 0.68, 0.77, 0.83, 0.91, 0.97, 1.04, and 1.12 mW/µm2 (from small to large 
bubbles). (b) Dark-field optical micrographs and (c) SEM image of the series of patterned 
540 nm PS beads generated with corresponding power densities in (a). (d) High-
magnification image of the 3D hollow structure formed at a laser power density of 0.97 
mW/µm2. The flow velocity distribution (logarithmic scale) around a 3µm microbubble in 
a cross-sectional view when (e) single layer (f) three layers and (g) five layers of 540 nm 
PS beads are trapped at the gas/liquid interface. Scale bar: (a)-(c) 5 µm; (d) 1 µm. 
We apply CFD simulations to gain an insight into the formation mechanism of the 
3D hollow structures of PS beads. As illustrated in Figs. 2.3e-g, the convective flow drags 
the beads toward the bubble/substrate interface and generates the 3D hollow structure by 
the “bottom-up” layer-by-layer stacking. Such a stacking process is enabled by the fact that 
the initially trapped beads at the bubble surface block the Marangoni stress and modify the 
convective flow distribution in a way that the convective flow points toward the upper part 
of the bubble. In addition, the trapped beads reduce the surface tension gradient and thus 
the flow velocity along the bubble surface. However, a reverse convective flow occurs 
when the bubble traps five layers of beads (Fig. 2.3g). The reverse flow pushes the free 
beads in suspension away from the trapped ones. The velocity around the microbubble is 
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4-5 orders of magnitude lower than that before the beads are trapped, indicating that the 
trapping process stops once the bubble surface is covered with beads. The 3D hollow 
structures are generated when the microbubbles are significantly larger than the beads. 
When the bubbles and beads have comparable sizes, one-layer or two-layers 2D aggregates 
are generated due to the limited surface area of the bubbles. 
Taking advantage of the quasicontinuous nature of the plasmonic substrate, we 
have achieved continuous writing of colloidal particle patterns on the substrate by scanning 
the laser beam or translating the sample stage. Fig. 2.4a illustrates the writing process for 
a straight line of 540 nm PS beads at a laser power density of 0.56 mW/µm2. At a lower 
power density (top panel of Fig. 2.4a), no microbubble was generated. Still, the optically 
generated temperature gradient led to the natural convection, moving the PS beads upward 
at the illuminated area without trapping and immobilization. When the laser power density 
was increased to the critical value, a microbubble was generated and the PS beads were 
collected and immobilized on the illuminated spot (second panel in Fig. 2.4a). During the 
translation of the sample stage, the original microbubbles disappeared, leaving behind the 
immobilized beads, and new ones were generated at the new locations to trap and 
immobilize the beads, leading to patterns of the beads that follow the trails of the bubbles 
(third and fourth panels in Fig. 2.4a). As an example, we wrote an “SP” patterns of 540 nm 
PS beads using a 1 µm microbubble (Fig. 2.4b). Since the sizes of the PS beads and the 
microbubble are comparable, the patterns feature a 2D configuration. Due to the high 
trapping and immobilization efficiencies, the microbubble enable rapid scanning of the 





Figure 2.4: Patterning of PS beads of different sizes on the plasmonic substrates. (a) Time-
resolved process for continuous writing of a straight-line pattern of 540 nm PS beads on 
the AuNIs substrate. (b) Dark-field optical image of an “SP” pattern of 540 nm PS beads. 
(c) Dark-field optical image of a 4×4 array of 3D hollow structures of 60 nm PS beads. 
Scale bar: (a) 50 µm; (b) and (c), 10 µm. 
In another example, Fig. 2.4c shows a 4×4 array of the PS beads with a diameter of 
60 nm. Since the beads (60 nm) are much smaller than the microbubble, the 3D hollow 
structures are obtained. Moreover, the 3D hollow structure can be continuously written on 
the substrate, leading to the hollow-ridge patterns of the beads. Such 3D hollow structures 
may find applications in omnidirectional optical device, wide-angle-view imaging, and 
microlens.54-56 
We evaluate the resolution of BPL based on our current experimental setup. As 
shown in Fig. 2.5a, patterning of single PS beads with a size ranging from 540 nm to 9.51 
µm has been achieved. Individual beads can also be patterned into “BPL” (bead diameter: 
0.96 µm) and “UT” (bead diameter: 5.31 µm) logos (Figs. 2.5b-c). With the capability of 
patterning single beads, BPL can be a pivotal tool in single-particle sensing57 and single-
cell analysis.58 It will be interesting to test the ultimate resolution of BPL, which will 




Figure 2.5: Patterning of PS beads at single-particle resolution. (a) Patterning of single PS 
beads with different sizes: 540 nm, 0.96 µm, 5.31 µm, and 9.51 µm, respectively (from left 
to right). (b) SEM image of a “BPL” pattern of 0.96 µm PS beads. (c) SEM image of a 
“UT” pattern of 5.31 µm PS beads. Scale bar: (a)-(c) 10 µm; inset of (a) 500 nm. 
2.3 PATTERNING OF PS MICROPARTICLES ON 2D ATOMIC-LAYER MATERIALS 
BPL is applicable to patterning particles on the surfaces beyond plasmonic 
substrates. We have achieved arbitrary patterning of PS beads on 2D atomic-layer 
materials. For a demonstration, we grew MoS2 atomic monolayers with chemical vapor 
deposition (CVD) and transferred them onto the AuNIs substrate (Fig. 2.6a). As illustrated 
in Fig. 2.6b, an “MoS2” pattern of individual PS beads with a diameter of 0.96 µm was 
created on the MoS2 monolayer using BPL. In Fig. 2.6c, photoluminescence (PL) spectrum 
taken from the patterned area, as indicated by the red circle in Fig. 2.6b, reveals that there 
is no damage to the 2D monolayer during patterning by BPL. A sub-nanoscale thickness 
(6.7 Å) of the 2D monolayer with a thermal conductivity of 34.5 W/mK59 makes it possible 
to generate microbubbles on its top. In principle, BPL is applicable to a variety of particles 
and 2D materials. By synergizing the unique properties of 0D and 2D systems, the 
heterostructures of micro-/nano-particles and 2D materials could exhibit novel functions 
for different applications. In addition, the particles can work as masks for further patterning 
of 2D monolayer through selective etching or deposition of new materials. 
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Figure 2.6: Versatility of BPL in patterning 2D materials and quantum dots. (a) Optical 
micrograph of 2D MoS2 monolayers on the AuNIs substrate. (b) Optical micrograph of an 
“MoS2” patterns of individual 0.96 µm PS beads written on the 2D MoS2 monolayers. (c) 
PL spectrum of the MoS2 recorded from the regime with a single PS bead, as indicated by 
the red circle in (b). (d) Fluorescence image of a “NANO” pattern of 6 nm CdSe/ZnS 
quantum dots on the AuNIs. (e) Fluorescence lifetime image of the patterned CdSe/ZnS 
quantum dots as shown in (d). (f) PL spectra of the quantum dots patterned on the 
plasmonic substrate and of the quantum dots on glass substrate. Scale bar: 50 µm. 
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2.4 PATTERNING OF QUANTUM DOTS ON PLASMONIC SUBSTRATES 
To further demonstrate the versatility of BPL, we have accomplished its use for 
arbitrary patterning of quantum dots with a size much smaller than that of the PS beads. As 
an example, we used CdSe/ZnS core/shell quantum dots with a diameter of 6 nm for BPL. 
As shown in Fig. 2.6d, an “NANO” pattern of the quantum dots was created on the AuNIs 
substrate. We measured the fluorescence lifetime of the patterned quantum dots using time-
correlated single-photon counting technique (Fig. 2.6e). An average lifetime of ~120 ps for 
the patterned quantum dots is much shorter than that of the original quantum dots (8.1 ns). 
The reduced lifetime implies the strong plasmon-exciton interactions within the coupled 
system consisted of quantum dots and plasmonic substrates.60 The plasmon-exciton 
coupling is further confirmed by PL spectra of the quantum dots, which made a blueshift 
from 2.35 to 2.45 eV upon patterning on the AuNIs (Fig. 2.6f). With their well-controlled 
and highly tailorable nanostructures, the patterned quantum dots on plasmonic substrates 
can not only serve as platforms for fundamental study of plasmon-exciton coupling, but 
also find applications in nanophotonics and optoelectronics such as ultrafast light sources. 
2.5 CONCLUSION 
In summary, we have developed a versatile lithography technique known as BPL 
for arbitrary patterning of colloidal particles on the solid-state substrates using optically 
controlled microbubbles. Through combining experiments and numerical simulations, we 
have established that the coordinated actions of Marangoni convection, surface tension, 
gas pressure, and substrate adhesion hold the key to the trapping and immobilization of 
particles in BPL. Using plasmon-enhanced photothermal effects on the properly 
engineered plasmonic substrates, BPL can operate efficiently in a continuous-scanning 
mode and at low laser power. The versatility of BPL is reflected in its capability of writing 
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arbitrary patterns of single and clusters of particles in 2D or 3D configurations and on its 
applicability to various colloidal particles and substrates beyond plasmonic nanostructures. 
The high tunability of bubble size, substrate temperature, and flow convention in BPL has 
significantly enriched the configurations of particles in the patterns. The ultimate resolution 
of BPL has remained to be tested.  
It is worthy of noting that the current study exploits photothermal effects for the 
immobilization of particles on the substrates, which is applicable to thermoresponsive 
particles like PS beads and CdSe/ZnS quantum dots with polymer coating. We believe that 
surface-functionalization methods can be employed to enhance the substrate-particle 
interactions for the immobilization of a wide range of particles, including electrostatic 
attraction and chemical recognition. Besides serving as a platform for fundamental research 
on colloidal nanoscience, the patterned particles on AuNIs substrates can be used as-
prepared or transferred to different substrates for functional device applications. For the 
former, the plasmonic effects can be exploited to enhance the performance of the particles 
such as the shortened fluorescence lifetime of quantum dots on the AuNIs substrates. The 
capability of patterning colloidal particles on 2D materials opens up new opportunities for 
functional hybrid materials and devices that benefit from the synergistic integration of 0D 
and 2D materials. 
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Chapter 3: Opto-Thermophoretic Tweezers 
3.1 OPTO-THERMOPHORETIC MANIPULATION OF COLLOIDAL PARTICLES IN NON-
IONIC LIQUIDS3 
Recent years have witnessed tremendous efforts in exploiting thermophoretic 
forces for optical-based manipulation.17, 61-65 Confinement and control of single 
nanoparticles have been achieved with dynamic temperature fields by Cichos’s group.62, 63 
Noninvasive thermophoretic transport of DNAs and vesicles, has been recently of 
particular interest to the community of optothermal manipuation.17, 61, 64, 65 In response to 
an optically controlled temperature gradient ∇𝑇 , colloidal particles undergo 
thermophoresis and migrate to either the cold or the hot region with a drift velocity 𝒖 =
	−𝐷Q∇𝑇, where 𝐷Q is the thermophoretic mobility. Opto-thermophoretic tweezers enable 
versatile low-power manipulation of colloidal particles and living cells.18, 66-69 The key to 
opto-thermophoretic trapping is realization of a negative sign of 𝐷Q	that drives colloidal 
particles from the cold to hot region. However, the system-specific thermophoretic drift of 
colloidal particles has not been fully understood, resulting in variable manipulation 
scenarios depending on various parameters such as temperature, ionic strength of solutions, 
surface chemistry of particles and solute concentrations.9, 70 
Thermoelectricity is considered as a driving force for particle migration and opto-
thermal manipulation.14, 71-74  It is induced by thermal diffusion and spatial separation of 
dissolved ions in an ionic liquid under a temperature gradient field. Wurger et al. proposed 
a general opto-thermal system, in which surface “thermocharge” accumulation under a 
local temperature field leads to a thermoelectric field that can be used to concentrate or 
deplete colloidal particles at the thermal hot spot.72 However, previous studies of 
                                                
3 Section 3.1 was published in the journal: X. Peng*, L. Lin*, E. H. Hill, P. Kunal, S. M. Humphrey, and Y. 
Zheng, Opto-thermophoretic Manipulation of Colloidal Particles in Nonionic Liquids, J. Phys. Chem. C, 
2018, 122, 24226-24234. I am a leading author. 
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thermophoresis in the fluidic systems of low ionic strength and low acidity reveal the 
existence of non-ionic effects.75, 76 Putnam et al. observed an intrinsic negative 𝐷Q for 
carboxyl particles in LiCl electrolyte at a low ionic strength, which arises from local excess 
enthalpy at the particle-solvent interface.75 Piazza et al. observed a negative 𝐷Q  for 
proteins at a low temperature, which is attributed to hydrophobic interactions at the protein-
solvent interface.76 We have recently reported the cold to hot migration of colloidal 
particles under light-generated temperature gradient field in water.67, 77 However, the 
applicability of the opto-thermophoretic tweezers to different solvents has remained 
unknown. 
Herein, we report opto-thermophoretic manipulation of colloidal particles in 
various non-ionic liquids, including water, ethanol, isopropyl alcohol (IPA), and 1-butanol, 
and establish the working principle of opto-thermophoretic tweezers at the molecular level. 
Our experiments and molecular dynamics (MD) simulations reveal that thermophoretic 
trapping is driven by the entropy at the particle-liquid interface, with a minor effect from 
the dispersion force. The trapping stability of particles can be improved by tuning the 
particle hydrophilicity, solvent type, and ionic strength that determine the layered structure 
of solvent molecules at the particle surface. We have further achieved opto-thermophoretic 
trapping, rotation, and translation of silver nanowires (AgNWs) at a low optical power. 
This work demonstrates the applicability of opto-thermophoretic tweezers to a broad range 







Figure 3.1: Working principle of opto-thermophoretic tweezers. (a) Schematic illustration 
of thermophoretic trapping of a colloidal particle at the hot region of an opto-thermal 
substrate upon irradiation by a laser beam. (b) Schematic illustration of a layered structure 
of solvent molecules at the particle-solvent interface. The interfacial-entropy-driven force 
𝐹R (red arrow) originates from an induced slip flow (green arrows) under a temperature 
gradient field ∇𝑇, driving the particle from the cold to hot region for its trapping at the 
laser beam. (c) Schematics and optical images of trapping of a 1 µm polystyrene (PS) 
sphere in water due to the dominance of the interfacial entropy-driven force 𝐹R . (d) 
Schematic and optical images of anti-trapping (i.e., repulsion from the light-irradiated hot 
region) of a 1 µm PS sphere in methanol due to the dominance of the dispersion force 𝐹S. 
A laser beam with a diameter of 2 µm and a power intensity of 0.16 mW/µm2 was irradiated 
onto the opto-thermal substrate (indicated by the red circles in the optical images of c & 
d). A 20 µm thick chamber that contains the colloidal solution was stacked on top of the 
substrate. Scale bars in the optical images of (c-d) are 5 µm. 
The working principle of opto-thermophoretic tweezers is illustrated in Figs. 3.1a-
b. A laser beam is focused onto an opto-thermal substrate to create a temperature gradient 
field at the substrate-solvent interface. Colloidal particles with surface charges are 
suspended in non-ionic polar solvents. Under the temperature gradient field, a colloidal 
particle migrates from the cold to hot region and gets trapped at the laser beam center with 
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the balance of the entropy-driven force 𝐹R, the optical gradient force, the optical scattering 
force and particle-substrate interaction.  
Migration of the particle due to the entropy-driven force 𝐹R can be described by 
Anderson’s model where the thermophoretic drift velocity 𝒖 is expressed as75, 78 









where 𝐷Q	 is the thermophoretic mobility, ∇𝑇  is the temperature gradient, 𝜂  is the 
viscosity of the solvent, 𝑇 is the temperature, 𝜅	and 𝜅6 are the thermal conductivities of 
the solvent and the particle respectively, and	 𝑧ℎ 𝑧 𝑑𝑧\]  is the slip-velocity coefficient 
with ℎ(𝑧) as the local excess enthalpy density at a distance 𝑧 from the particle surface 
(compared with that at an infinite distance). If the local excess enthalpy density is mainly 
caused by polarization of solvent molecules under the interfacial electrical field, ℎ 𝑧  can 
be evaluated as ^
M
𝜀 𝑧 (1 + ` ab c(d)
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)𝐸M(𝑧), where 𝜀 is the dielectric constant of the solvent 





𝜀(𝑧) as 𝜀l, and 
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 at the particle-solvent interface as an effective value 𝜏, where	𝜁 
is the surface potential of the particle, 𝜆 is the effective decay length of the local electrical 
field and 𝜀s is the dielectric constant of the solvent in the bulk region. Therefore, the 






1 + 𝜏 𝜁M𝛻𝑇 (4) 
We can see that one of the parameters that determine the particle migration 
direction is 𝜏, which is related to the structures of the solvent molecule at the particle-
solvent interface.79-82 As described in the BDM model proposed by Bockris, Devanathan, 
and Muller,79 solvent molecules adsorb onto the charged surface of a colloidal particle to 
form layered structures at the particle-solvent interface. As shown in Fig. 3.1b, the 
molecules in the first layer have their orientation aligned with the electric field from the 
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surface charges, while those in the second layer are partially oriented toward the particle 
surface. The molecules in the third layer and beyond (i.e., bulk region) become disordered.   
Under an externally applied temperature gradient, the orientation of the interfacial 
molecular dipoles at the hot side of the particle becomes disordered due to the increased 
entropy, leading to a higher permittivity and thus a higher electric energy density. 
Interestingly, the increased permittivity at the higher temperature leads to a positive τ in 
Equation (4), rendering the thermophoretic motion of the particle from the cold to the hot 
region to achieve opto-thermophoretic trapping. As illustrated in Fig. 3.1b, the permittivity 
gradient induces a slip flow,9 which leads to the interfacial-entropy-driven force FR (red 
arrow) and drags the particle to the hot region. 
There is also a dispersion force 𝐹S, which arises from the density gradient of the 
solvent under the temperature gradient.9 In contrast to the interfacial-entropy-driven force, 
the dispersion force drives particles from the hot to cold region. Common solvents expand 
upon heating with one exception (i.e., water below 5 ℃). The colder solvent with a higher 
density experiences a stronger van der Waals attraction from the particle, leading to a slip 
flow that drives the particle toward the cold region. According to Wurger’s hydrodynamic 





where 𝛽  is the thermal expansivity of the solvent, 𝐻  is the Hamaker constant of the 
particle-solvent interactions, 𝑑]	is a molecular length scale, and 𝜂 is the viscosity of the 
solvent.  
For a charged colloidal particle under a temperature gradient ∇𝑇 , the 
thermophoretic migration can also be contributed by temperature gradient-induced 
distortion of the Debye layer.83 A temperature gradient will deform the Debye layer, 
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leading to an electric force acting on the surface charges of the colloidal particle and a 
solvent-friction force on the surface of the colloidal particle. The two forces are typically 
a factor xy
xz
 smaller than that caused by the temperature dependence of the internal 
electrostatic energy at the interface (Equation (4)). We thus exclude their contributions on 
the thermophoretic migration as the polar solvents in our experiments have relatively large 
dielectric constant 𝜀s (spans from 20𝜀] to 80𝜀]). Thermo-osmotic flow also coexists with 
the thermophoretic migration once a temperature gradient is created at the substrate-solvent 
interface. Thermo-osmotic flow that is parallel to the substrate surface has a negative effect 
in trapping, which is significant for a very thin Debye layer compared to the particle size.9, 
84 We neglect the thermo-osmosis effect for a low ionic strength of the polar solvents and 
a large Debye screening length (in the order of µm) of the charged substrate surface. 
As an example, we use polystyrene (PS) spheres in water to compare the 
contributions of the dispersion force and the interfacial-entropy-induced force on the 
thermophoresis of the colloidal particles. Since the ionic sulfate groups grafted on the 
surface of PS spheres make a rough interface, the van der Waals interactions between the 
particle and water is weak and the molecular length scale 𝑑] should be estimated based on 
the size of the ionic sulfate groups rather than the size of the solvent molecules. With 𝑑] 
~ 1 nm, 𝐻  ~ 2 × 10-20 J, 𝛽  ~ 2.56 × 10-4 K-1 and 𝜂  ~1.08 × 10-3 cP at 25 ℃,𝐷Q 
induced by the dispersion force is 0.35 µm2 K-1 s-1. With 𝜁~ 50 mV and 𝜏 ~2,85 𝐷Q 
induced by the interfacial-entropy-induced force	gives a value of −3 µm2 K-1 s-1, which is 
1 order of magnitude higher than that caused by the dispersion force. The opposite signs 
of 𝐷Q indicate that the dispersion force drives the particle from the hot to the cold region 
whereas the interfacial-entropy-induced force drives the particle from the cold to the hot 
region. It should be noted that the dispersion force can dominate over the entropy-driven 
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force for colloidal particles in solvents with a high thermal expansivity 𝛽  and a low 
viscosity 𝜂 (e.g., methanol). 
To experimentally explore the roles of the entropy-induced force and dispersion 
force in opto-thermophoretic manipulation of colloidal particles, we studied kinetics of 1 
µm PS particles under a light-generated temperature gradient field in water and methanol, 
respectively. We carried out real-time tracking of the particles with a fast CCD camera, as 
shown in Figs. 3.1c-d. A laser beam with a diameter of 2 µm and a power intensity of 0.16 
mW/µm2 was focused onto the optothermal substrate to create a localized temperature 
gradient field. The particle suspensions were contained in a 20 µm thin chamber above the 
substrate to reduce thermal convection.10 Upon irradiation of the laser beam, a particle in 
water was rapidly delivered toward and trapped at the beam center (Fig. 3.1c). In contrast, 
a particle in methanol was repelled away from the beam center and the substrate upon the 
irradiation of the laser beam (Fig. 3.1d). It should be noted that particle migration was 
driven by the temperature gradient field rather than the optical gradient force. Our weakly 
focused laser beam, which has a diameter of 2 µm, generates a small optical gradient force 





















Figure 3.2: Molecular dynamics simulation of silica-water and silica-methanol interfaces. 
Snapshots of the simulation box with (a) water and (b) methanol in contact with a silica 
surface at pH 7.5. (c) Number density profiles of water molecules (red) and methanol 
molecules (black) at the interface. (d) Orientational polarization profiles (relative to axis 
perpendicular to the silica surface) of water molecules (red) and methanol molecules 
(black) at the interface. In (c-d), the origin of the r-axis is set to the silica surface. 
We further measured the drift velocities of the particles under the temperature 
gradient field in water and methanol. For 1 µm PS particles, we obtained an absolute value 
of ~ 10 µm s-1 in both solvents. Considering an average in-plane temperature gradient of 4 
K µm-1, we calculated the drift velocity of 12 µm s-1 in water (Equation 4), which is close 
to the experimental value. Wurger’s hydrodynamic model gives a drift velocity of −12 µm 
s-1 in methanol, which indicates that the dispersion force drove the anti-trapping of the 
particle due to the weak entropy-induced force. We also measured the drift velocities of 2 
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µm PS particles in water and methanol. The drift velocity for 2 µm PS particles in methanol 
is slightly smaller than that of 1 µm PS particles in methanol. The smaller velocity is 
attributed to the weaker average temperature gradient field and negligible hydrodynamic 
boundary effect due to repulsion of the particle away from the substrate.77, 86 
To identify the mechanisms and driving forces of colloidal thermophoresis, 
molecular dynamics simulations have been applied to study thermophoretic migration 
behaviors for a small number of systems.87, 88 To validate the mechanism behind the 
entropy-driven force in opto-thermophoretic tweezers at the molecular level, we carried 
out molecular dynamics (MD) simulations to investigate the structure of solvent molecules 
at the particle-solvent interface. As similar trapping and anti-trapping of silica spheres 
under a temperature gradient field in water and methanol was observed with the case of PS 
spheres, we used a well-established model of the silica surface to simulate the interfacial 
solvent structure. Snapshots of the simulation boxes after 80 ns NVT simulation are shown 
in Figs. 3.2a-b, together with the number density profiles (Fig. 3.2c) and orientational 
polarization profiles (Fig. 3.2d). As shown in Fig. 3.2c, the number density for both water 
and methanol molecules exhibits an oscillatory behavior, suggesting the formation of 
layered structures of solvent molecules, i.e., layers (peaks) and sublayers (dips), at the 
silica-solvent interfaces.89, 90 The slight out-of-phase of the two curves is due to the 
different molecular sizes between water and methanol. The number density becomes 
relatively uniform as it approaches the bulk phase with increased distance from the silica 
surface.  
The orientational polarization profile < cos 𝜃 >, which represents the degree of 
ordering in the solvent layers, was obtained by calculating the normalized cosine of the 
angle between the molecular dipoles and the normal of the silica surface, as plotted in Fig. 
3.2d. In water, the orientation of dipoles decays exponentially as distance from the interface 
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increases, with the dipole orientation becoming random in the bulk region. This justifies 
our permittivity gradient model in evaluating the thermophoretic mobility 𝐷Q in Equation 
(4). Beyond the electrostatic charge-dipole interactions, hydrogen bonding at the interface 
also plays a critical role in the structuring of the solvent molecules, which is termed as a 
“solvation layer”.81, 91 In methanol, the polarization profile exhibits damped oscillations, 
which is due to the formation of an antiparallel bilayer structure.90 Within the layered 
solvent structure, the first layer of well-oriented methanol molecules (r ~ 0.25 nm) interacts 
with the silica surface via hydrogen-bonding and presents a hydrophobic surface, inducing 
an opposite polarization in the second layer (r ~ 0.5 nm). This layered structure accounts 
for the weak entropy-driven force in methanol because the cancellation effect of the 
antiparallel layers leads to a significantly diminished slip flow at the particle-methanol 
interface. Although surface defects need to be considered for realistic surfaces of silica 
spheres, the surface defects will not affect the formation of layered structures but increase 
the population and dynamics of the molecules at the interface, in other words, it will 
amplify the interfacial effect for thermophoretic trapping.90 
According to our established working mechanism, the entropy-driven force must 
dominate over the dispersion force to enable opto-thermophoretic trapping of colloidal 
particles. We can choose suitable polar solvents to meet this requirement. For ethanol, IPA 
and 1-butanol where 𝑑] ~ 2 nm and 𝐻 ~ 1 × 10-20 J, 𝐷Q contributed by the dispersion 
force is ~ 0.55, ~ 0.26 and ~ 0.11 µm2 K-1 s-1, respectively, which is smaller than the 
contribution from the entropy-driven force (in the order of µm2 K-1 s-1). Thus, we expect 
that opto-thermophoretic trapping of particles can be achieved in these solvents, which has 
been verified experimentally. As examples, we demonstrated opto-thermophoreic trapping 
of 500 nm PS spheres in water, ethanol, IPA, and 1-butanol. Moreover, the trapping 
stability in these solvents was studied by tracking the position fluctuations of the particles 
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under the temperature gradient field. The histograms of the particle displacement are 
presented in Figs. 3.3a-d (x direction). Gaussian fitting was used to measure the variance 
𝜎	of the Brownian motion and to extract the trapping stiffness 𝜅 = Me

.92 The trapping 
stiffness in water has the largest value of 7.5 ± 5.0 pN/µm. The particle trapping in 1-
butanol is not stable where the position fluctuation reaches a non-harmonic region that is 
outside the laser beam. Since the trapping stiffness 𝜅 ∝ 𝐷Q ,11 the trapping stability is 




 in Equation (4), the values of which are summarized in 
Table 1. 1-butanol leads to a trapping stiffness 1 order of magnitude smaller than water due 
to its small dielectric constant and large viscosity. The ratio of the trapping stiffness in 
ethanol to that in water is less than the value predicted by Equation (4) (Table 1), which 
can be attributed to the smaller 𝜏	90 and the larger dispersion force in ethanol. The trapping 
stiffness in IPA is comparable to that in ethanol where strong particle-solvent interactions 
with extended interfacial structures occur.93 The consistency between the experiments and 
the models of the particle-trapping in the various solvents further validates the mechanism 






Table 3.1: Parameters for calculation of DT in different solvents at 25 ℃	(kX is 0.03 W 
m-1 K-1). 
 






Water 78.5 1.082 0.606 0.118 
Methanol 31.5 0.545 0.198 0.090 
Ethanol 24.3 0.890 0.159 0.042 
IPA 18.0 1.960 0.136 0.014 















Figure 3.3: Effects of solvent, particle hydrophilicity, and ion concentration on opto-
thermophoretic trapping of colloidal particles. (a-d) Measured histograms of particle 
displacement and the corresponding trapping stiffness (x direction) for 500 nm PS spheres 
in water, ethanol, IPA and 1-butanol. (e) Measured trapping stiffness for 1 µm hydrophilic 
and hydrophobic silica (i.e., SiO2) particles in water. The dots indicate the values of 
different particles. The columns indicate the average values. (f) Measured trapping stiffness 
for 1 µm PS spheres in IPA as a function of NaCl concentration. A focused laser beam with 
a diameter of ~520 nm and an optical power of ~0.5 mW was illuminated onto the 
optothermal substrate with a thin chamber of (a-d, f) 20 µm in depth and (e) 120 µm in 
depth. Standard deviations (a-d) and error bars (f) of the trapping stiffness were obtained 
by tracking 5 to 6 different particles.  
We have further demonstrated fine tuning of opto-thermophoretic trapping of 
colloidal particles by controlling surface chemistry of the particles or ionic strength of the 
solvents. Both surface chemistry and ionic strength can modify the interfacial molecule 
layers and thus the entropy-driven force. Fig. 3.3e shows the trapping stiffness of 1 µm 
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hydrophilic and hydrophobic silica (SiO2) particles in water. To increase the 
hydrophobicity, the as-purchased hydrophilic silica particles were coated with 
(pentaflurotrimethyl)triethoxysilane, which reduced the concentration of silanol groups on 
the particle surfaces and extended the hydrophobic areas. The surface charge was not 
changed by the coating, as shown by zeta-potential measurements (Fig. 3.4). A lower 
trapping stability was observed for the hydrophobic particles. This is because the poor 
adsorption of water molecules on the hydrophobic surfaces weakened the layered structure 
and thus reduced the entropy-driven force.89 It should be noted that the optical gradient 
force is much weaker than the entropy-driven force, which is verified by the release of a 
trapped hydrophilic silica particle when translating it from the optothermal substrate to the 
glass substrate. We used 120 µm chambers to avoid spontaneous adhesion of silica particles 
to the substrate. Alhough a stronger convection at thicker chambers may lower the trapping 
stability,77 hydrophilic particles will maintain a higher trapping stiffness than that of 
hydrophobic ones for a stronger entropy-driven force. Fig. 3.5 shows the measured trapping 
stiffness of 500 nm PS spheres in water as a function of NaCl concentration. The trapping 
stiffness decreased when the NaCl concentration was increased, and trapping could not be 
achieved any more once the NaCl concentration was increased to 400 µM. We believe that 
the increased ionic strength, and thus the ion-molecule interactions, destabilized the layered 
structure at the particle-solvent interface.67 In addition, a thermoelectric effect that led to 
𝐷Q ~ 2 µm2 K-1 s-1 occurred,9, 15 setting an upper limit of ionic concentration for opto-
thermophoretic tweezers. However, as the saturated NaCl concentration in IPA is much 
lower than that in water, trapping stability is maintained across the entire NaCl 













Figure 3.4: Zeta potentials of 1 µm hydrophobic and hydrophilic silica (SiO2) particles in 
water.  
Lastly, we demonstrated opto-thermophoretic manipulation of Ag nanowires 
(AgNWs). The AgNWs have a length in the range of 2-12 µm and a width in the range of 
50-300 nm. Optical manipulation of metal nanostructures is challenging due to enhanced 
optical absorption and scattering, which dramatically increases the optical radiation force. 
We dispersed the AgNWs in IPA where the entropy-driven force could overcome the 
optical scattering force to achieve opto-thermophoretic trapping of the AgNWs. We further 
achieved the opto-thermophoretic transport and rotation of AgNWs at a low optical power 
using a one-dimensional optothermal potential, as shown in Figs. 3.6a-b. The controlled 
rotation of a single AgNW above the other AgNW immobilized on the substrate was also 
demonstrated (Figs. 3.6c-d), showing the potential of opto-thermophoretic tweezers for 













Figure 3.5: Measured trapping stiffness for 500 nm PS spheres in water as a function of 
NaCl concentration. 
We have established the working mechanism of opto-thermophoretic tweezers for 
colloidal particles in non-ionic liquids at the molecular level. Specifically, opto-
thermophoretic trapping is driven by the entropy at the particle-liquid interface with a 
minor effect from the dispersion force. The entropy-driven force arises from the structured 
solvent layers at the particle-solvent interfaces, which is supported by all-atom MD 
simulations. Parameters such as particle hydrophilicity, particle surface charge, solvent 
type, and ionic strength can be adjusted to control the interfacial structure of the solvent 
molecules in order to improve the trapping stability of colloidal particles. With their low-
power operation and simple optics, opto-thermophoretic tweezers will find applications in 




Figure 3.6: Opto-thermophoretic manipulation of AgNWs in IPA. (a) Schematic 
illustration and (b) time-resolved dark-field optical images of rotation of a AgNW with 
one-dimensional optothermal potential. (c) Schematic illustration and (d) time-resolved 
dark-field optical images of rotation of a AgNW over another AgNW printed on the 
substrate. Insets in (b) and (d) show the orientations of the 10 ´ 1 µm2 line-shaped laser 
beam with an optical power of 0.67 mW. Scale bars: (b) 10 µm and (d) 5 µm. 
3.2 OPTO-THERMOPHORETIC MANIPULATION OF BIOLOGICAL CELLS IN WATER4 
The manipulation of biological cells and nanoparticles has important applications 
in life sciences and nanoscience such as cell manipulation,94, 95 early disease diagnosis,96, 
97 immunological interaction,98, 99 and colloidal nanotechnology.100-102 Scientific and 
technological advances have led to quite a few types of light-based tweezers such as optical 
tweezers,1, 39, 103, 104 optoplasmonic tweezers,5, 105-107 optoelectronic tweezers,7 optoacoustic 
tweezers,108 and electrothermoplasmonic tweezers,109 which exploit direct or indirect 
                                                
4 Section 3.2 was published in the journal: L. Lin*, X. Peng*, X. Wei, Z. Mao, C. Xie, and Y. Zheng, 
Thermophoretic Tweezers for Low-Power and Versatile Manipulation of Biological Cells, ACS Nano, 
2017, 11, 3147-3154. I am a leading author. 
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optical force and energy for particle or cell manipulation. Despite tremendous successes in 
the light-based tweezers, the low-power, versatile, and all-optical manipulation of general 
nanoparticles and cells remains elusive. Optical tweezers offer high-resolution trapping of 
single particles in three-dimensional (3D) configuration. However, the use of optical 
tweezers is limited by the requirements of a tightly focused high-power laser beam and the 
prominent refractive index contrast between the trapped objects and the liquid media. 
Because optoelectronic tweezers use projected light patterns to form virtual electrodes on 
a photosensitive substrate and conductive electrolytes as liquid media, they require both 
electric bias and low optical power for arbitrary manipulation of particles and cells.7 With 
the capability of concentrating light into the nanoscale, metallic nanostructures have been 
exploited in plasmonic tweezers to enhance the optical trapping.5, 105-107, 110 Despite their 
low-power trapping of nanoparticles, plasmonic tweezers have limitations in long-range 
transport and arbitrary manipulation of the target objects.6, 109 Recently developed 
electrothermoplasmonic tweezers can transport nanoparticles over a long distance and trap 
them at the plasmonic structures.109 
Thermophoresis has been proven as an effective strategy to transport suspended 
particles in the fluids.11, 14, 15, 111 With its capability of selectively driving suspended objects 
into warm or cold regions along a temperature gradient, thermophoresis provides a 
noninvasive approach toward trapping and concentrating biomolecules.9, 16, 17, 112, 113 
Confinement of single nanoparticles and macromolecules has been demonstrated by 
driving the particle and molecule via a dynamic temperature field.62, 63, 114 However, the 
use of thermophoresis in trapping and manipulating individual biological cells in an 
arbitrary manner has not been achieved. Herein, through exploitation of the interactions 
between the cell membrane and the water molecules in the electric double layer, we have 
experimentally demonstrated harnessing of light-induced thermophoresis for versatile 
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manipulation of yeast cells and Escherichia coli cells using low-power light and the 
associated temperature gradient. Our cell manipulation enables diverse functionalities for 
applications in cellular biology and biomedicine, including precise intercellular distance 
control for the study of cell-cell interactions, targeted cell delivery, cell assembly, and 
orientation control at the single-cell level. 
To demonstrate thermophoretic tweezing of biological cells, we use a solid-state 
substrate that consists of Au nanoparticles (AuNPs) on a glass slide, a chamber that 
contains suspensions of particles or biological cells in water, and an optical imaging and 
control system based on a digital micromirror device (DMD) (Fig. 3.7a). A single laser 
beam is directed onto a computer-controlled DMD and the optical images reflected off the 
DMD are focused on the substrate to define the optical landscape. We optimize the size of 
the AuNPs to match the surface plasmon resonance wavelength with the incident laser 
wavelength (Fig. 3.7b) to improve the absorption efficiency. The absorbed optical power 
is described by 𝑄 = 𝑁𝜎s𝐼, where 𝜎s is the absorption cross section of the AuNPs, N 
is the number of particles under illumination and I is the irradiance of the incident laser. 
The absorbed optical power is converted to heat according to the Joule effect. A steady-
state temperature profile is attained when the heat diffusion between the AuNPs and the 
surrounding environment achieves balance. By experimentally measuring the absorbed 
optical power of the AuNPs, we simulated the temperature distribution around the laser 
beam, as shown in Fig. 3.7c. The maximum temperature gradients of ∇𝑇 =
−8.49	×	10	𝐾/𝑚 and ∇𝑇 = −3.58	×	10	𝐾/𝑚 were created under a low-power light 
irradiation. The DMD-defined optical landscape on the substrate controls the optothermal 
potential at the substrate-liquid interface for the cell trapping. 
 
 35 
Figure 3.7: Experimental setup of thermophoretic tweezers. (a) Optical setup of 
thermophoretic tweezers. An incident laser is directed to a DMD and the resultant optical 
images are focused on a AuNP substrate for excitation of surface plasmons. The plasmon-
enhanced optothermal potentials defined by the DMD-controlled optical images are 
employed to trap and arbitrarily manipulate colloidal particles or biological cells. (b) 
Scanning electron micrograph of the AuNP substrate overlaid with simulated electric field 
to show a network of high-density electromagnetic “hot spots”. (c) Cross-sectional view of 
simulated temperature distribution at the substrate-liquid interface. The horizontal line at 
z=0 indicates the substrate-liquid interface.  
To achieve the themophoretic trapping of biological cells, we explore the interfacial 
interaction between the cell membrane and the water molecules, as shown in Fig. 3.8. Most 
of the biological cells have negative surface charge due to the phospholipid bilayers in the 
cell membrane, which is schematically illuminated in Fig. 3.8a. The phospholipid is 
composed of a negatively charged hydrophilic headgroup, with the charge contributed by 
the phosphate group, and two hydrophobic fatty acid tails. The hydrophobic interaction 
between the tails creates a bilayer structure, with the charged headgroup in contact with the 
water molecules at extracellular side. The surface charges induce an electric field E 
pointing to the cell membrane surface. The water molecules can be treated as electric 
dipoles and they adsorb on the cell membrane to form an orientated layer with a fixed 
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alignment to the membrane surface under the electric field E, as shown in Fig. 3.8b. The 
water dipoles on the second layer have a loosely orientated structure.  
It has been known that the permittivity of water is highly dependent on the dipolar 
orientation, and the permittivity in the electric double layer (eed) is significantly lower than 
that in bulk water (ebulk), according to BMD model.79 When a temperature gradient field 
∇𝑇 is applied, the permittivity in bulk water and the electric double layer will be modified 
in opposite signs along the temperature gradient. The permittivity in the electric double 
layer will be increased due to thermal perturbations, or increased entropy, resulting in a 





𝐸M(𝑧). The electric field E is a function of the Debye length k-1 and the surface 
potential of the cell 𝜁: 𝐸 𝑧 = 𝜅𝜁exp	(−𝜅𝑧), where z is the distance from the membrane 
















where h is the solvent viscosity, while L1 and Lp are the thermal conductivity of the solvent 
and the cell, respectively. Therefore, the cell will migrate to the hot region with a velocity 
𝜈  = −𝐷Q∇𝑇, leading to the trapping of the cell at the laser spot (Fig. 3.8d). 
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Figure 3.8: Working principle of cell trapping with the thermophoretic tweezers. (a) 
Simplified structure of the lipid bilayer in the membrane of a biological cell. The phosphate 
groups in the phospholipid provide the negative charges on the cell membrane and induce 
an electric field E to drive the water molecules toward the membrane. (b) Orientated water 
molecules form in the electric double layer of the cell membrane under the electric field. 
The permittivity of the water in the electric double layer (eed) strongly depends on the 
orientation of the molecules, which is different from that of the bulk water (ebulk). (c) 
Thermal response of the permittivity in the electric double layer (i.e., permittivity gradient 
∇𝜀¡S) on the cell membrane under a temperature gradient field ∇𝑇, which induces the 
thermal perturbation and increases the entropy of the water molecules. The sign of ∇𝜀¡S is 
opposite to that of ∇𝜀s¢a£. (d) The permittivity gradient ∇𝜀¡S generates a slip velocity vs 
pointing from hot to cold and the cell migrates in an opposite direction with a velocity vp, 
which leads to the trapping of the cell at the hot laser spot. The electric static repulsive 
force between the cell membrane and the substrate, both of which have negative charges, 
balances the trapping force. 
The use of a solid-state substrate induces the hydrodynamic boundary effect, which 
can dramatically increase the Soret coefficient when the cell-substrate distance is much 
smaller than the radius of the cell, with an enhancement factor of86 
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where ĥ=h/R and h is the cell-substrate distance. An enhancement factor of ~8 is obtained 
when ĥ=0.01. The hydrodynamic boundary effect leads to a large thermophoretic force 
even at a moderate temperature gradient. 
It should be noted that optical heating of the substrate could also induce thermal 
convection of the fluid. To exclude thermal convection as the driving force in our 
thermophoretic tweezers, we simulated the convective flow distribution at a laser spot with 
the same optical power used for cell trapping (Fig. 3.9a). The in-plane velocity of the 
convective flow above the substrate is lower than 150 nm/s. To evaluate whether this 
convective flow can lead to stable trapping, we measured the Brownian motion of 
polystyrene (PS) beads with different sizes as a function of environmental temperature 
(Fig. 3.9b). We can clearly see that the convective flow cannot overcome the Brownian 
motion at the low-power light illumination used in our trapping experiments. The minor 
role of convective flow in trapping is further verified by placing a PS bead 20 µm away 
from the laser spot, where the temperature gradient is weak and thermophoresis can be 
ignored. Without the thermophoresis, the convective flow alone cannot deliver the particle 
to the laser spot, as shown in Fig. 3.9c. At a higher optical power of 0.4 mW, A 2 µm PS 
can be delivered to the laser spot at a low velocity of ~400 nm/s, indicating a convective 
drag force of 6.7 fN on the particle. The small drag force is insufficient for particle trapping. 
In addition, we reduced the chamber thickness to suppress the thermal convective flow. As 
shown in Fig. 3.9d, the convective flow distribution in the chamber of 20 µm in thickness 
were simulated. The maximum convective flow velocities are 2 orders of magnitude lower 
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than the values shown in the 1 mm chamber. We have conducted trapping experiments in 
the ultrathin chambers and can still achieve the trapping. Surprisingly, we observed an 
enhanced trapping stability in the thin chamber. Fig. 3.9e shows the escape velocities of 
trapped 0.96 µm PS beads measured in both 20 µm and 1 mm chambers. The escape 
velocity in the thin chamber is more than 5 times larger than that in the thick one, revealing 
that the suppression of thermal convection reduces the gap between the trapped particle 
and the substrate and thus leads to a stronger hydrodynamic boundary effect in the 
thermophoretic tweezers. Our observation of increased migration velocity of the particle 
when it approaches the heating laser and similar trapping behavior of the PS beads in the 
mixture of H2O and D2O further verify that the thermal convection is not the driving force 
of the trapping. Although convection effect is weak in our thermophoretic trapping, if 
needed, the convection flow velocity can be significantly improved by increasing the 
optical power to deliver the faraway objects toward the trapping sites. 
We further exclude plasmon-enhanced optical force in our thermophoretic 
tweezers. Our calculation of optical force based on the Maxwell stress tensor method gives 
an optical gradient force of only 4 fN for a 500 nm PS bead. However, the measured escape 
velocity of the 500 nm PS beads at the same optical power gives a trapping force of 170 








Figure 3.9: Thermal convection effect in the thermophoretic tweezers. (a) Convective flow 
velocity distribution in a 1 mm chamber. (b) Brownian motion of single PS beads with 
sizes of 2 µm, 0.96 µm and 500 nm as a function of the working temperature. (c) Measured 
trajectories of PS beads with sizes of 2 µm, 0.96 µm and 500 nm when the particles were 
placed 20 µm away from the laser beam for 30 s. The green disk at the center represents 
the location of the laser beam and the black ring has a radius of 20 µm. (d) Convective flow 
velocity distribution in a 20 µm chamber. (e) Measured escape velocities of trapped PS 
beads with a diameter of 0.96 µm in the liquid chambers with a thickness of 1 mm and 20 
µm, respectively. In (a-d), an incident laser beam with a diameter of 2 µm and a power of 









Figure 3.10: Parallel trapping and transport of yeast cells. (a) Parallel trapping of yeast 
cells in “NANO” pattern. The parallel trapping was achieved for each letter, which was 
stitched to complete the whole pattern. (b) Transformation of trapped yeast cells from “Y” 
to “T” pattern by moving two cells as indicated by the arrows. (c) Time-resolved parallel 
trapping of yeast cells in an array with a 4×4 optical lattice (indicated by white dots). Scale 
bar: 10 µm.      
Live cell trapping and manipulation has been demonstrated using optical 
tweezers.95, 115, 116 However, the optical force highly depends on the refractive index 
contrast between the cells and the solvents, which is known to be small in aqueous solution 
and limits the optical force. This requires a higher optical power to achieve stable trapping. 
Because thermophoretic force does not rely on the refractive index contrast between 
particles and solvents, thermophoretic tweezers allow the low-power and noninvasive 
manipulation of biological cells. It should be noted that the thermophoretic trapping force 
relies on the temperature gradient ∇𝑇  rather than the temperature increment ∆𝑇  or 
absolute temperature value T, which allows stable trapping without a large temperature 
rise. Further, the experimental setup can be integrated with a cooling system, which helps 
to lower the absolute temperature value for cell safety while maintaining the temperature 




Figure 3.11: Versatile manipulation of yeast cells. (a) Reversible distance control between 
a pair of yeast cells. The center-to-center inter-cellular distances are indicated. (b) 
Arrangement of yeast cells in a ring shape. (c) Force analysis in the 1D assembly of yeast 
cells. (d) Force analysis in the rotation of single yeast cell. (e) Rotation of 1D assembly of 
three yeast cells. (f) Rotation of a single yeast cell. (g) Independent rotation of two yeast 
cells using a pair of 1D optothermal potentials. The rotation angles are indicated. Scale bar: 
10 µm. 
As an example, we used DMD to generate multiple laser beams that simultaneously 
trapped and arranged yeast cells in “NANO” pattern (Fig. 3.10a). With the power intensity 
of 0.2 mW (0.06 mW/µm2) for each beam, all the trapped cells stayed alive. Furthermore, 
the collective effect among the nanoscale heating sources on the substrate allows 
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continuous and dynamic manipulation of the temperature gradient field, and therefore the 
trapped cells. In Fig. 3.10b, we transformed the cell pattern from “Y” to “T” by moving 
two yeast cells via DMD control. From time-resolved parallel trapping of yeast cells into a 
4 × 4 array (Fig. 3.10c), we can see that cells occupied 80% of the optical lattice at time t6. 
The unoccupied sites are caused by the non-uniform intensity distribution of the optical 
lattice. 
To meet various requirements for studies in life sciences such as cell-cell 
communication and single-cell analysis,117 we further demonstrate the capability of 
thermophoretic tweezers in versatile manipulation of cells. As shown in Fig. 3.11a, we 
reversibly tuned the cell-cell distance and thus the intercellular interaction between a pair 
of yeast cells at a resolution of 100 nm. From time t1 to t3, the pair underwent from 
separation to direct contact. Further approaching of the two cells induced pressure and 
deformation on the cell membranes at the contact point (t4). The pair was separated again 
at time t5. 
Geometric design of optothermal potentials in thermophoretic tweezers allows 
arbitrary control of cell assemblies. As shown in Fig. 3.11b, a ring-shape potential trapped 
and arranged yeast cells alike. These cells are tangentially free for interactions and radially 
confined by the optothermal potential. An increased number of the trapped cells led to their 
close arrangement with direct contact. 
Precise control of cell orientation for advanced applications such as 3D cellular 
microscopy and heterogeneous cell-cell interactions presents a big challenge to many 
tweezers.118 The versatility of our thermophoretic tweezers is reflected on their capability 
of aligning and rotating both single and assemblies of cells at an angular resolution of one 
degree. As shown in Fig. 3.11c, when three cells were delivered to the 1D potential, the in-
plane trapping force confined them along y axis. The 1D closely packed cells were aligned 
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along x axis with cell-cell interactions. Due to intensity gradient of the laser beam along x 
axis, a weak gradient force Fgrad pushed the cells toward the center of the 1D optical 
landscape where the maximum intensity exists. The rotation of the 1D assembly of cells 
can be achieved by rotating the 1D optical landscape. The rotation of optical landscape 
creates an offset between the cell location and the optothermal potential, which leads to the 
in-plane trapping force that acts as the rotation force Frot. When a cell has an elongated 
shape, the in-plane trapping force intends to align the long axis of the cell with the 1D 
optical landscape, enabling the rotation of a single cell (Fig. 3.11d). Fig. 3.11e shows the 
rotation of linear assembly of three yeast cells using a one-dimensional (1D) potential. 
Rotation of a single yeast cell (Fig. 3.11f) and a pair of yeast cells (Fig. 3.11g) are also 
demonstrated. 
To extend the applicability of thermophoretic tweezers, we have also demonstrated 
the trapping, alignment, and orientation control of a highly anisotropic Escherichia coli 
cell. As illustrated in Fig. 3.12a, a disk-like optical landscape with a diameter of 2 µm is 
capable of trapping an Escherichia coli cell. With a fixed location of the optical disk, the 
trapping site on the cell can change during the dynamic manipulation of the cell (Frames t4 
and t5 in Fig. 3.12a). In contrast, the 1D potential trapped the Escherichia coli cell with the 
cell body aligned along the optical landscape (Fig. 3.12b). Furthermore, the rotation of the 
Escherichia coli cell was also achieved by rotating the optical image with the DMD, as 







Figure 3.12: Versatile manipulation of Escherichia coli cells. (a) Trapping of a single 
Escherichia coli cell using a disk-like optothermal potential with a diameter of 2 µm. 
Panels t1 – t3 show that the cell approached the optical disk. Panels t4 and t5 indicate the 
change of trapping site on the cell. (b) Trapping and orientation control of a single 
Escherichia coli cell using a 1D optothermal potential. Panels t1 – t5 show dynamics of the 
cell trapping and orientation control. (c) Rotation of a single Escherichia coli cell. Optical 
landscapes are indicated by either a white dot or a dotted line. Scale bar: 10 µm. 
We have developed thermophoretic tweezers based on coordinated management of 
light, heat, and fluids via the optothermal effect and the interfacial permittivity gradient. 
The thermophoretic tweezers, which harness thermophoretic force instead of radiation 
pressure, could also work with incoherent light sources such as light-emitting diodes and 
Mercury lamps. Sharing the same substrates, surface-enhanced optical spectroscopy can 
be integrated seamlessly with the thermophoretic tweezers to enable simultaneous 
measurements of the trapped cells and nanoparticles near the substrates. With the versatile 
manipulation, simple optics, low power, and in-situ high-sensitive spectroscopy, the 
thermophoretic tweezers will find applications for fundamental and applied research in life 
sciences and colloidal science, as well as in disease diagnosis and nanomanufacturing. 
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Chapter 4: Opto-Thermoelectric Tweezers 
4.1 OPTO-THERMOELECTRIC TRAPPING OF PLASMONIC NANOPARTICLES5 
Optical manipulation of plasmonic nanoparticles offers the possibility of dynamic 
control of light-matter interactions at the nanoscale, which is of interest for various 
applications in nanophotonics, materials science, and life sciences. Optical tweezers have 
been shown to trap metal nanoparticles in diffraction-limited laser beams with high light 
intensity, since they provide a sufficient optical gradient force.119 Although the use of 
optical tweezers succeeded in trapping Au and Ag nanoparticles with different sizes and 
shapes,3, 40, 101, 120-123 it typically encounter technical obstacles. First of all, upon excitation 
of localized surface plasmons (LSPs) at metal nanoparticles by the trapping laser beam, 
enhanced light absorption and scattering result in optical heating of the particles and strong 
optical radiation forces, thereby significantly reducing the trapping stability.119, 124, 125 As a 
result, optical trapping is limited to near-infrared lasers with wavelengths far away from 
the LSP resonance of the metal nanoparticles.40, 121, 124 Second, optical tweezers can only 
trap metal nanoparticles with sizes significantly smaller than the laser wavelength (i.e., in 
the Rayleigh regime), where the nanoparticle can be treated as a dipole. Optical trapping 
of metal particles with sizes comparable to, or larger than the laser wavelength, is 
challenging because the enhanced light-scattering cross-section increases the optical 
scattering force.119, 126 Finally, high laser power (tens to hundreds of mW) is required to 
trap subwavelength metal nanoparticles. Such a high optical power can potentially damage 
the functional materials, surface molecules, or even the trapped metal nanoparticles.4 
                                                
5 Section 4.1 was published in the journal: L. Lin*, M. Wang*, X. Peng*, E. N. Lissek, Z. Mao, L. 
Scarabelli, E. Adkins, S. Coskun, H. E. Unalan, B. A. Korgel, L. M. Liz-Marzán, E.-L. Florin, and Y. 
Zheng, Opto-Thermoelectric Nanotweezers, Nature Photon., 2018, 12, 195-201. I am a leading author. 
 
 47 
    Optical trapping of metal nanoparticles with LSPs excited at a low optical 
power is expected to facilitate in-situ optical spectroscopy, leading to insights into plasmon 
coupling and its applications in sensing, imaging, and photothermal therapy. The 
photothermal effect, or Joule loss, is often recognized as an intrinsic limitation for the use 
of metal plasmonic nanoparticles in nanophotonic devices.127, 128 But the Joule loss can also 
be turned into an advantage. It has been demonstrated that the heat generated can benefit 
optical trapping by creating an electrothermoplasmonic flow that delivers nanoparticles to 
the trapping site.109 Optical confinement of single nanoparticles or macromolecules has 
been achieved via a dynamic temperature field.62, 63 However, the particles or molecules in 
the dynamic temperature field undergo frequent and broad position fluctuations. Thermal 
convective flow and thermophoresis were also employed to trap dielectric microparticles 
in the hot regions.19, 129 However, a tweezing platform based on photothermal effects with 
both low operation power and general applicability is still elusive. More recently, we have 
proposed a strategy that implements a thermoelectric field to reversibly assemble metal 
nanoparticles into clusters.130 Herein, by exploring nanoparticle migration along a light-
controlled thermoelectric field, we developed opto-thermoelectric nanotweezers (OTENT) 
that allow us to capture and manipulate metal nanoparticles at single-particle resolution.     
To enable OTENT, we added a cationic surfactant, cetyltrimethylammonium 
chloride (CTAC), to the nanoparticle colloid solution. CTAC molecules adsorb on the 
particle surface and form a positively charged molecular double layer (Fig. 4.1a).131, 132 
Simultaneously, CTAC molecules self-assemble into micelles when above the critical 
micelle concentration (cmc, 0.13-0.16 mM). With a high charge density and nanoscale size, 
CTAC micelles act as macro cations (known as micellar ions, Fig. 4.1b), which, together 
with the Cl- counter-ions (Fig. 4.1c), provide the thermoelectric field in OTENT.  
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Figure 4.1: Working principle of OTENT. (a) Surface charge modification of a metal 
nanoparticle by CTAC adsorption. (b) Formation of CTAC micelles. (c) Schematic view 
of a Cl- ion. (d) Dispersion of a single metal particle and multiple ions in the solution 
without optical heating. (e) Thermophoretic migration of the ions under optical heating. (f) 
Steady ionic distribution under optical heating generates a thermoelectric field ET for 
trapping the metal nanoparticle. The repulsive electric field Er arises from the positive 
charge of the thermoplasmoic substrate and balances ET. (g) Simulated in-plane 
temperature gradient and direction of the corresponding trapping force. (h) Simulated out-
of-plane temperature gradient and direction of the corresponding trapping force. The 
incident laser beam in (e-h) has a diameter of 2 µm and an optical power of 0.216 mW. 
The green arrows in (g, h) show the direction of the trapping force. 
Without optical heating, both the ions and the metal particles are randomly 
dispersed in the solution, without a preferred migration direction (Fig. 4.1d). To generate 
an optically controllable temperature gradient field, we directed a laser beam to a 
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thermoplasmonic substrate, i.e., a porous Au film which was fabricated by simple 
deposition of a Au layer followed by thermal annealing. A cross-sectional view of the 
simulated temperature distribution (embedded in the scheme) at the substrate-solution 
interface is shown in Fig. 4.1e. We can see that a temperature difference of ~12 K was 
obtained when the porous Au film was irradiated by a 532 nm laser beam at an optical 
power of 0.216 mW and a beam diameter of 2 µm. It should be noted that the CTAC 
micelles are thermally stable over a wide temperature range, which is broader than the 
working temperature range in this work.133 Both the micellar ions and Cl- ions undergo 
thermophoresis, migrating from a hot to a cold region. At the steady state, the spatial 








where i indicates the ionic species, i.e. CTAC micellar ions or Cl- ions, kB is the Boltzmann 
constant, T is the environmental temperature, ∇𝑇 is the temperature gradient, e is the 
elemental charge, while Zi, ni, and STi are the charge number, the concentration, and the 
Soret coefficient of i species, respectively. 
Since the CTAC micelle has a higher molecular mass and a larger Soret coefficient 
than the Cl- ions, i.e. ST (micelle) ~10-2 K-1 > ST (Cl-) ~7.18×10-4 K-1, we obtain an electric 
field ET pointing toward the laser beam arising from the spatial redistribution of both the 
CTAC micelles and the Cl- ions130, 134, which can trap the positively charged metal 
nanoparticle at the laser spot, as shown in Fig. 4.1f. Under a temperature gradient of 0.5-
3×107 K m-1, we estimate the trapping electric field to be 50-300 V m-1. The corresponding 
in-plane and out-of-plane temperature gradients and trapping forces FT = qET are 
schematically presented in Figs. 4.1g-h, where q is the charge of the metal nanoparticles. 
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This trapping electric field is balanced by the repulsive electric field, Er, arising from the 
positive charge of the thermoplasmonic substrate, which is also coated by the CTAC 
double layers. Different from optical tweezers, where the particles are trapped by the 
optical gradient force from a highly focused laser beam, the trapping electric field in 
OTENT arises from optical heating, which can relax the rigorous optical requirements of 
optical tweezers.  
We first demonstrate the use of OTENT for trapping and manipulating single Au 
nanospheres (AuNSs) and Ag nanospheres (AgNSs). Due to their strong light scattering at 
the LSP resonance wavelengths, AuNSs and AgNSs were tracked with in-situ dark-field 
optical imaging. Fig. 4.2a shows the trapping process of a single 100 nm AgNS using a 
low-power 532 nm laser beam. The optical intensity we used was 0.05-0.4 mW µm-2, which 
is 2-3 orders lower than the typical optical intensity in optical tweezers (10-100 mW µm-
2). Different from the plasmon-enhanced optical force on plasmonic nanoantennas, which 
is limited by the decay length of LSPs6, 109, the temperature gradient field has a much larger 
working range (Figs. 4.1g-h). Thus, OTENT can effectively deliver the metal nanoparticles 
to the trapping center within a surrounding region of 5-10 µm in radius and dynamically 
transport the trapped particle at will by directing the laser beam. As shown in Fig. 4.2b, we 
delivered a trapped AgNS over a distance of ~110 µm in 9 s. Interestingly, the trapped 
particle was released as soon as the heating laser was turned off and the temperature 
gradient field disappeared (Fig. 4.2c). 
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Figure 4.2: Single-nanoparticle trapping and manipulation. Schematic illustration and 
successive optical images showing (a) trapping (b) dynamic manipulation, and (c) release 
of a single 100 nm AgNS. The grey disks and the red disks mean that the laser is turned on 
or turned off, respectively. The grey lines show the manipulation trajectory of the trapped 
AgNS. Measured trapping stiffness of single (d) 100 nm AgNSs and (e) 100 nm AuNSs as 
a function of CTAC concentration. kx and ky are the trapping stiffness along x and y axis, 
respectively. The error bars show the deviation in multiple measurements with different 
particles. (f) Trapping potential and (g) trapping force of a single 100 nm AgNS at CTAC 
concentration of 20 mM. The laser has a wavelength of 671 nm and an optical power of 
0.4 mW in d-g. Scale bars: 10 µm (a, c) and 20 µm (b). 
To evaluate the trapping stability, we measured the trapping stiffness of OTENT 
by tracking the Brownian motion of the trapped nanoparticles using a quadrant photodiode. 
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A low-power laser beam (671 nm, 0.4 mW) was used to trap single metal nanoparticles, 
including 100 nm AgNSs and 100 nm AuNSs. The measured trapping stiffness ranges from 
80 to 2600 fN µm-1. The trapping stiffness is comparable to that of a single 200 nm 
polystyrene bead trapped by plasmonic Au nanodimers. However, the optical power used 
in OTENT is 3 orders of magnitude lower than that in the plasmonic tweezers5. We also 
compared the trapping stiffness of OTENT with that of traditional optical tweezers in the 
trapping of metal nanoparticles. Specifically, for traditional optical tweezers at an optical 
power of 0.4 mW, optical trapping of a single 100 nm AuNS using a highly focused 1064 
nm laser beam has a stiffness of ~2.5 fN µm-1, indicating that the trapping stiffness of 
OTENT is 2-3 orders of magnitude higher than that of optical tweezers3. 
Furthermore, we can optimize the trapping capability of OTENT by tuning the 
CTAC concentration that influences the micelle thermophoresis. We have measured the 
trapping stiffness of 100 nm AgNSs and 100 nm AuNSs at different CTAC concentrations, 
as summarized in Figs. 4.2d-e. An increase of surfactant concentration reduces the Soret 
coefficient of the micelles135, 136 and in turn the electric field intensity, according to 
Equation (8). In Figs. 4.2d-e, we observe that the trapping stiffness decreases when the 
CTAC concentration is increased from 0.2 mM to 2 mM, for both 100 nm AgNSs and 100 
nm AuNSs. Interestingly, the trapping stability is dramatically improved when the CTAC 
concentration is further increased. We attribute the improved trapping stability to the 
increased substrate-particle interaction driven by depletion of CTAC micelles. The 
thermophoresis of CTAC micelles, i.e., migration from the hot to the cold regions, causes 
the depletion of CTAC micelles at the particle-substrate gap. The micelle depletion 
generates an osmotic pressure exerted on the particle to improve its trapping stability. In 
addition, the depletion attraction significantly reduces the particle-substrate distance, 
which increases logarithmically the Soret coefficient of the particle86. In OTENT, the opto-
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thermoelectric field is proportional to the Soret coefficient of the particle, indicating an 
increased trapping force due to the reduction of the particle-substrate gap. At a CTAC 
concentration of 20 mM, the trapping stiffness of OTENT for both 100 nm AgNSs and 100 
nm AuNSs reaches 1 pN µm-1 and even higher despite a low optical power of 0.4 mW. 
Since the temperature gradient is almost linear at the beam center, the trapping potential 
there can be treated as harmonic and the whole trapping potential can be further calculated 
according to the temperature distribution. Fig. 4.2f shows the trapping potential of a single 
100 nm AgNS in 20 mM CTAC solution, with a trapping depth of 48 kBT. The maximum 
trapping force reaches 350 fN (Fig. 4.2g), indicating that a stable trapping of nanoparticles 
can be achieved at a low optical power. It should be noted that, although the depletion 
attraction force is not the main driving force to initialize the trapping in OTENT, it is 
critically important to improve the trapping stability at high CTAC concentration. At 20 
mM, the particle-substrate interaction (including depletion attraction, van der Waals 
interaction, and electrostatic interaction) becomes dominant, yielding a trapping potential 
of 24 kBT for a single 100 nm AuNS and reasonably agrees with the measured trapping 
potential (22.8 kBT). 
To carry out in-situ dark-field optical spectroscopy of the trapped metal 
nanoparticles, we incorporated a high-performance spectrometer into OTENT, as shown 
in Fig. 4.3a. It should be noted that particle-substrate plasmonic coupling can occur when 
the particles are trapped in the vicinity of the substrate. However, in OTENT, the backward 
scattering from the porous Au film is very weak and the particle-substrate plasmonic 
coupling can be ignored, which provides the possibility to detect the intrinsic scattering 
spectra from the trapped particles. In Fig. 4.3b, we selectively trapped individual AgNSs 
according to their scattered colour and recorded the scattering spectra137. By matching the 
experimental spectra with simulated spectra, we verified the sizes of the AgNSs. The colour 
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of AgNSs changes from violet to blue when the diameter increases from 70 nm to 100 nm, 
with an improved polarizability, a reduced electric field enhancement factor, and a LSP 
peak red-shift from 440 to 495 nm. The in-situ scattering imaging and spectroscopy of 
single AuNSs of 80-100 nm in diameter are summarized in Fig. 4.3c. Optical trapping of 
metal nanoparticles imposes critical requirements on the laser wavelength. For example, it 
would be challenging to trap AuNSs with a 532 nm laser using optical tweezers, due to the 
enhanced repulsive optical scattering force by excitation of the LSPs. However, with 
OTENT we can achieve trapping using lasers with working wavelengths either close to, or 
far away from the resonance wavelength of the metal nanoparticles.   
The versatility of OTENT was explored by trapping nanoparticles with different 
morphologies. Shown in Fig. 4.3d is the trapping of single anisotropic Au nanotriangles 
(AuNTs) with different side lengths of 140 nm and 60 nm, respectively. It should be noted 
that the trapped 60 nm AuNT shows a yellow colour, which arises from a mixture of the 
red light scattered by the AuNT (646 nm) and the fluorescence and scattering light from 
the thermoplasmonic substrate. We have also achieved stable trapping of single small Au 
nanorods (AuNRs) without increasing the incident optical power (Fig. 4.3e). The 
fluorescence light from the thermoplasmonic substrate dominated over the weak scattered 
light from the single AuNR, due to its small size. As a result, an overall green colour was 
observed from the trapped AuNR. Non-luminescent or non-plasmonic substrates with a 
high absorption coefficient and low thermal conductivity can be used to improve the in-
situ characterization capability for smaller particles. To further verify that single metal 
nanoparticles were trapped, we printed the particles on the substrates and checked the 
samples using scanning electron microscopy. The smallest particles we trapped using low 
optical power in the current experimental setup were 20 nm AuNSs. It should be noted, 
while low-power trapping of smaller particles with OTENT is possible, the experimental 
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demonstration of trapping such particles was limited by our capability for in-situ 
spectroscopic analysis of the trapped particles over the thermoplasmonic substrate. With a 
suitable detection method, we could experimentally push the size limit of trapped particles 
down to sub-10 nm through substrate optimization or the use of an ultrafast laser. We have 
also utilized OTENT to trap large metal nanoparticles (e.g., 400 nm AuNSs), however, the 
upper size limit remains to be tested. In addition, we also demonstrated that OTENT can 
be used to manipulate one-dimensional metal nanowires with precise location and 
orientation control. 
The arbitrary light manipulation by means of a digital micromirror device (DMD) 
allows us to trap and manipulate multiple metal nanoparticles in parallel using OTENT. As 
shown in Fig. 4.4a, we created six laser beams with the DMD to capture six 100 nm AgNSs, 
with one nanosphere in each beam. The successive dark-field optical images show the six 
AgNSs trapped into a circle pattern. As another example, we created and arranged six laser 
beams into a triangular pattern, where each beam trapped a single 140 nm AuNT (Fig. 
4.4b). It should be noted that the metal nanoparticles trapped in parallel can interact with 
each other through optical binding.138 However, considering the low optical power used in 
OTENT, the optical binding force was limited and did not significantly affect the trapping 
behaviour. Such a parallel nanoparticle manipulation represents an opportunity for 







Figure 4.3: In-situ optical spectroscopy of different metal nanoparticles trapped via 
OTENT. (a) Optical setup of OTENT with in-situ dark-field optical imaging and 
spectroscopy. Dark-field optical images, experimental and simulated scattering spectra, 
and electric field profiles of single AgNSs (b) with diameters of 70, 90 and 100 nm; single 
AuNSs (c) with diameters of 80, 90 and 100 nm; single AuNTs (d) with side lengths of 60 
and 140 nm; single AuNRs (e) with lengths of 50-60 and diameters of 19-25 nm and 
corresponding absorption peaks at around 650 nm (top panel); with lengths of 63-73 nm 
and diameters of 19-25 nm and corresponding absorption peaks at around 700 nm (bottom 
panel). The solid and dashed curves represent experimental and simulated scattering 
spectra, respectively. The grey rectangles represent the peak distributions recorded in 







Figure 4.4: Parallel and multiple trapping via OTENT. Parallel trapping of (a) six 100 nm 
AgNSs into a circular pattern, and (b) six 140 nm AuNTs into a triangular pattern. (c) 
Interaction forces between two trapped nanoparticles. (d) Calculated interaction potential 
between two AuNSs at different CTAC concentrations. Scattering spectra of a single AuNS 
(top) and two AuNSs (bottom) in (e) 1 mM and (f) 20 mM CTAC solution. (g) Simulated 
scattering spectra of a single AuNS (top) and two AuNSs (bottom) in 20 mM CTAC 
solution. The red and green dashed curve represent the longitudinal and transverse plasmon 
mode, respectively (f and g). Trapping dynamics of (h) a single AuNS and (i) multiple 
AuNSs in 1 mM CTAC solution. The grey rectangles represent the peak distributions 
recorded in multiple experiments. The particle diameter is 100 nm in (d-i). Scale bars: 5 




We further explored OTENT to trap multiple metal nanoparticles using a single 
laser beam and to control the particle-particle interactions within the trap. Fig. 4.4c shows 
three interaction forces between two trapped particles, including the depletion attractive 
force Fd, van der Waals force Fvdw, and electrostatic repulsive force Fe. Assuming that 
optical heating leads to complete depletion of the CTAC micelles, we calculated the total 
interaction potential Utotal = Ud + Uvdw + Ue, where Ud, Uvdw, and Ue are the depletion 
attraction potential, van der Waals potential, and electrostatic potential, respectively (Fig. 
4.4d). The electrostatic interaction between CTAC micelles and AuNSs was also taken into 
consideration by treating the CTAC micelles as highly charged depletants.139 We can see 
that an increase in CTAC concentration leads to a deeper attractive potential with a reduced 
interparticle gap, which arises from the increased osmotic imbalance and reduced 
electrostatic repulsion.  
Understanding the interaction potential allows us to tune particle-particle plasmon 
coupling within the trap.140-142 As a demonstration, we selected two different CTAC 
concentrations, 1 mM and 20 mM, to tune the interparticle gaps between 65 nm and 25 nm 
(Fig. 4.4d). We then selectively trapped a single 100 nm AuNS and two 100 nm AuNSs in 
the 1 mM CTAC solution for in-situ optical spectroscopy. As shown in the top and bottom 
panels of Fig. 4.4e, increased scattering intensity was observed with no spectral shift when 
the number of the trapped particles changed from one to two at a single thermal hot spot, 
revealing that no near-field coupling was achieved between the two 100 nm AuNSs. In 
contrast, we observed that the single scattering peak for a single trapped AuNS split into 
two peaks when two AuNSs were trapped in the 20 mM CTAC solution. A yellow spot in 
the dark-field optical image (mixture of the two scattering peaks) with increased scattering 
intensity also reveals optical coupling between both AuNSs. To further verify the LSP 
coupling observed in Fig. 4.4f, we simulated the scattering spectra and electric field 
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enhancement profiles of a single 100 nm AuNS and a 100 nm AuNS dimer with a gap of 
25 nm (Fig. 4.4g). We can see that the AuNS dimer with near-field coupling exhibits a 
longitudinal mode at 638 nm and a transverse mode at 568 nm, which are redshifted and 
blue-shifted, respectively, with respect to the dipole mode at 580 nm for the single 100 nm 
AuNS. The simulations match well with the experimental spectra in Fig. 4.4f. This 
controllable near-field coupling allows us to precisely tune the optical properties of 
designer colloidal metamaterials.   
We further demonstrated in-situ monitoring of the trapping dynamics by recording 
the time-dependent scattering intensity at a specific wavelength. A CTAC concentration of 
1 mM was selected to avoid near-field coupling between the trapped particles, and the 
background from the thermoplasmonic substrate was removed. From Fig. 4.4h, we can see 
that, once a single 100 nm AuNS was captured by the thermoelectric field, the scattering 
intensity at 580 nm increased immediately. The scattering intensity fell back to zero once 
the particle was released. Without significant near-field coupling between the trapped 
particles, we can also estimate the number of trapped particles according to the recorded 
photon counts. As shown in Fig. 4.4i, the photon counts increased linearly with the number 
of AuNSs in the trap, which also verifies that no obvious near-field plasmonic coupling 
occurs between the multiple trapped AuNSs in 1 mM CTAC solution. It should be noted 
that the trapped particles can further absorb the incident laser power and increase the 
temperature around the trapping spot for improved trapping efficiency.  
Through an innovative management of light, heat, and electric field in opto-
thermoplasmonic fluidics, we developed OTENT for optical trapping and versatile 
manipulation of metal nanoparticles with single-particle resolution, using in-situ optical 
spectroscopy. In addition to their conventional role in surface modification of metal 
nanoparticles, ionic surfactants were further exploited to act as micellar ions that create 
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light-controlled thermoelectric fields, and as charged depletants to manipulate the 
interaction between trapped particles. As a general tweezing technique, OTENT is 
applicable to a wide range of metal, semiconductor, polymer, and dielectric nanostructures 
with charged or hydrophobic surfaces. So far, we have succeeded in trapping silicon 
nanospheres, silica beads, polystyrene beads, silicon nanowires, germanium nanowires, 
and metal nanostructures. However, OTENT relies on ionic surfactants in the nanoparticle 
suspensions to create a thermoelectric field. This requires a solvent environment 
replacement for nanoparticles that are not dispersed in the ionic surfactants. Challenges 
may arise for colloidal nanoparticles that cannot be easily modified by surfactants. 
Additionally, OTENT is primarily a two-dimensional operation platform. 3D manipulation 
can be realized by using optical fibres coated with photothermal layers. Nevertheless, we 
propose that, with its low-power and noninvasive operation, diverse options in the trapping 
wavelength, and generality in size, shape, and composition of the trapped nanoparticles, 
OTENT will become a powerful tool in colloid science, life sciences, and nanotechnology. 
4.2 OPTO-THERMOELECTRIC ASSEMBLY OF PLASMONIC NANOPARTICLES6 
Associated with the excitation of surface plasmons, metallic nanoparticles can 
manipulate light at the subwavelength scale where the intense localized electromagnetic 
field strongly couples with nanoscale objects, leading to various light-matter interaction 
and applications.60, 143-147 The optical and electronic properties of plasmonic nanoparticles 
depend on the particle composition, size, and shape, as well as interparticle interactions.148-
152 Plasmonic nanoparticle assemblies that feature high particle density and small 
interparticle distance are important for many applications, mainly those based on the 
                                                
6 Section 4.2 was published in the journal: L. Lin*, X. Peng*, M. Wang, L. Scarabelli, Z. Mao, L. M. Liz-
Marzán, M. F. Becker, and Y. Zheng, Light-Directed Reversible Assembly of Plasmonic Nanoparticles 
Using Plasmon-Enhanced Thermophoresis, ACS Nano, 2016, 10, 9659-9668. I am a leading author. 
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multiple electromagnetic “hot spots” that form within the assemblies.153-156 In particular, 
the capability of reversibly controlling nanoparticle assemblies with external stimuli 
enables dynamically tunable plasmon coupling for advanced applications. Reversible 
assembly has been demonstrated for functionalized metal nanoparticles, driven by external 
stimuli such as solution pH,156, 157 local temperature,158, 159 metal-ion coordination,160 
voltage,161 and light.162, 163  
The optical manipulation of plasmonic nanoparticles has advantages for 
applications such as nanofabrication,42, 101, 102, 164-166 drug delivery167, 168 and biosensing.169, 
170 Optical tweezers provide remote, real-time and versatile manipulation of colloidal 
particles in solution, rendering them highly effective in the reversible assembly of 
plasmonic nanoparticles.169-173 In optical tweezers, the optical gradient forces are 
responsible for the assembly of nanoparticles into aggregates. When the working light is 
turned off, the assemblies can redisperse into solution due to repulsive electrostatic 
interactions among the nanoparticles carrying surface charges of the same sign. However, 
due to the strong light scattering from plasmonic nanoparticles, optical tweezers require 
tightly focused laser beams of high intensity (10-100 mW/µm2)169-173 to generate a 
sufficiently strong optical gradient force for the assembly of the nanoparticles. Therefore, 
unexpected photochemical or thermal reactions (or damage) can occur to molecular 
analytes under high-power laser illumination.174, 175 Due to their enhanced local 
electromagnetic field and strong optical force, surface plasmon polaritons (SPPs) on 
metallic thin films have been harnessed to reduce the power requirement for optical 
assembly of nanoparticles over the film.153 However, there are remaining limitations in 
exploiting plasmon-enhanced optical forces for the assembly of plasmonic nanoparticles. 
One limitation is that the high sensitivity of optical forces to plasmon resonances requires 
a strict overlap between the plasmon resonance wavelength of the nanoparticles and the 
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working wavelength of the laser beam. This implies that a certain type of laser beam can 
only work properly for a limited range of nanoparticles with specific plasmon resonances. 
Another drawback is that, despite the rapid and even ultrafast optical response, it takes a 
relatively long time (~10 min) to achieve the assembly of nanoparticles in solution because 
near-field optical trapping on a plasmonic substrate relies on diffusion to bring the 
nanoparticles into the desired configuration.  
Herein, we present a versatile optical technique that uses plasmon-enhanced 
thermoelectric fields for efficient assembly of plasmonic nanoparticles with dynamic 
control over assembly size and pattern formation, at low optical power. By introducing a 
nonphotoresponsive cationic surfactant, namely cetyltrimethylammonium chloride 
(CTAC), into the plasmonic nanoparticle suspension, we can direct the positively charged 
nanoparticles toward the laser spot at the interface between a plasmonic substrate and the 
nanoparticle dispersion. Our experiments and simulations reveal that the plasmon-
enhanced temperature gradient field and the thermally induced local electric field give rise 
to the delivery and assembly of plasmonic nanoparticles. By employing a holographic 
optical system to control the laser beam, we further achieved parallel and dynamic 
manipulation of multiple nanoparticle assemblies. Finally, we employed the nanoparticle 
assemblies with dynamically controlled electromagnetic “hot spots” for surface-enhanced 
Raman scattering (SERS) analysis of molecules in their native liquid environments. Using 
rhodamine 6G and methyl orange as model molecules, we investigated the effects of 
nanoparticle composition and geometry on SERS performance. By taking advantage of the 
parallel manipulation of multiple nanoparticle assemblies, we demonstrate SERS with 
enhanced sensitivity.  
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Figure 4.5: Light-directed reversible assembly of plasmonic nanoparticles based on 
plasmon-enhanced thermoelectric fields. (a) Schematic representation of the light-directed 
reversible assembly of positively charged AuNTs functionalized with CTAC. (b) Scanning 
electron micrograph of a single AuNT on the AuNIs substrate. (c) Successive optical 
images during light-directed assembly of AuNTs. (d) Successive optical images showing 
the disassembly of a AuNT aggregate after the laser is turned off. The red and blue dotted 
circles indicate that the laser is off and on, respectively. Scale bars: 10 µm. 
Fig. 4.5a illustrates the basic concept of light-directed reversible assembly of 
plasmonic nanoparticles based on plasmon-enhanced thermoelectricity. We selected Au 
nanotriangles (AuNTs) as an illustrative example, but other nanoparticles such as Au 
nanospheres (AuNSs) and Ag nanospheres (AgNSs) have also been used to demonstrate 
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the generality of our technique. Our AuNTs feature an average side length of ~150 nm 
(Fig. 4.5b) and a main localized surface plasmon resonance wavelength of 720 nm, which 
exhibits significantly enhanced electromagnetic fields at the AuNT tips.176, 177 The AuNTs 
were dispersed in an aqueous CTAC solution (10 mM). As displayed in the inset of Fig. 
4.5a, above the critical micelle concentration (cmc, 0.13-0.16 mM),178 CTAC forms a 
bilayer,179 leading to a positive and hydrophilic surface of the nanoparticle, which is 
surrounded by Cl- ions in an electric double layer.  
A plasmonic substrate comprising Au nanoislands (AuNIs) was employed to induce 
the plasmon-enhanced photothermal effect, which allows us to use a low optical power to 
create an appropriate temperature-gradient field for the thermophoretic assembly of 
nanoparticles. It should be noted that the AuNIs substrate can be easily fabricated by 
deposition of a Au thin film followed by postannealing. When the plasmonic substrate is 
illuminated with a low power laser beam, the plasmonic heating of the AuNIs on the 
substrate increases the temperature of the surrounding environment. Thermoelectric fields 
then arise from the temperature gradient and enables the rapid formation of AuNT 
assemblies at the laser spot, in the vicinity of the substrate-solution interface (Fig. 4.5c). 
Successive optical images of the light-directed assembly process are shown in Fig. 4.5c, 
revealing the formation of a stable AuNT assembly at t4 = 10 s. Importantly, the AuNTs 
can redisperse into the solution once the laser is turned off (Fig. 4.5d).  
The assembly of AuNTs is caused by particle migration in the thermally induced 
local electric field, i.e. thermoelectric effect.14, 15 As illustrated in Fig. 4.6a, a light-induced 
local temperature gradient imposes a non-uniform concentration of CTAC micelles, due to 
the thermal response of the positively charged micelles. The positive surface of CTAC 
micelles is surrounded by Cl- ions, giving rise to an electric double layer. Treating these 






where e is the dielectric constant of the liquid, kB is Boltzmann’s constant, T is the absolute 
temperature, e is the electron charge, and I is the ionic strength. In the absence of added 
salt in the solvent, the ionic strength I is dominated by the total surfactant concentration, c, 
and the cmc. In the presence of the temperature gradient field, the asymmetric ion 
distribution in the electric double layer exerts a pressure and causes slip flow of the liquid, 
which can be described with the excess enthalpy h within an interaction length λ:84 








where 𝐷e®R¯	denotes the thermal diffusion coefficient of the micelles. Considering the 
Debye-Hückel approximation h=-1/2ε(ζ/λ)2e-2z/λ, where ζ is the surface potential. The 




where h is the viscosity of the liquid. A positive 𝐷e®R¯ indicates that the liquid flow moves 
from cold to hot region, while in the laboratory frame, the micelles move in the opposite 
direction, i.e. from hot to cold region, which is independent on the sign of ζ. The highly 
charged micelles give rise to the surface potential, and it is estimated that 𝐷e®R¯~10
-11 
m2/Ks for CTAC micelles at a concentration of 10 mM. Even though Cl- ions have higher 
mass diffusion coefficient (2×10-9 m2/s)15 than the micelles (6×10-10 m2/s),180 the extremely 
low Soret coefficient of Cl- ions (7×10-4 1/K) leads to a lower 𝐷e²a
³~10-12 m2/Ks. 
The higher 𝐷e®R¯ drives the positive CTAC micelles toward the cold region quickly 
and leads to the separation between negative and positive ions, thereby generating a 
temperature-dependent local electrostatic potential	 ∇e
e
𝜓], as illustrated in Fig. 4.6a. This 
exerts an electric force on the positive AuNTs and drives migration of the particles toward 
the hot region (i.e. the laser beam spot) to form the assembly. According to Helmholtz-
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Smoluchowski electrophoretic mobility ez/h, the thermal diffusion coefficient of the 
AuNTs can be calculated using:9 
𝐷eµX =
𝜀𝜁µX𝜓]
𝜂𝑇  (12) 
We can estimate 𝐷eµX ~ 10
-12 m2/Ks, which agrees with the order of magnitude of the 
measured trapping velocity of the AuNTs (several micrometers per second). 
To estimate the plasmon-enhanced photothermal effect and its role in the assembly 
of the plasmonic nanoparticles, we simulated the temperature gradient profiles at the 
substrate-solution interface upon illumination with a laser beam, as displayed in Figs. 4.6c-
e. When a 532 nm laser beam (power: 0.1 mW, diameter: 2 µm) is incident on the 
plasmonic substrate, a moderate temperature gradient of ~0.6 K/µm is obtained on top of 
the substrate. The rapid migration of the AuNTs to the hot region at the interface between 
the substrate and solution leads to growth of the aggregate. It should be noted that the 
AuNTs assembled on top of the plasmonic substrate absorb light that would otherwise be 
transmitted through the substrate, which further increases the photothermal effect and the 
temperature gradient. As displayed in Fig. 4.6d, when a AuNT assembly with a diameter 
of 2 µm forms on top of the plasmonic substrate, the transmitted light through the substrate 









Figure 4.6: Working principle of light-directed reversible assembly of plasmonic 
nanoparticles (using AuNTs as an illustrative example). (a) Schematic illustration of the 
migration of a CTA+-modified AuNT from the cold to the hot region in a light-induced 
temperature-gradient field, which is known as thermophoresis. (b) Schematic illustration 
of the release or redispersion of a AuNT assembly due to electrostatic repulsive interaction 
when the laser is off and the temperature-gradient field disappears. Simulated temperature 
distribution at the interface between plasmonic substrate and particle solution in a cross-
sectional view: (c) Before the formation of a AuNT assembly; (d) after the formation of a 
AuNT assembly. (e) Simulated temperature distribution at the interface between a glass 
substrate and nanoparticle solution in a cross-sectional view, in the presence of a AuNT 
assembly, indicating that the light-directed AuNT assembly can be transported from the 
plasmonic substrate to the glass substrate. (f) Time-evolved optical images illustrate that 
we can transport the AuNT assembly from a plasmonic substrate to a glass substrate by 
simply translating the sample stage. Scale bar: 10 µm.  
The optical power density used herein (~0.03 mW/µm2) is at least 3 orders of 
magnitude lower than that used in optical tweezers for nanoparticle assembly.169, 170, 173 We 
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find that an optimal optical power is required to create the stable assembly of nanoparticles 
with plasmon-enhanced thermophoresis. A too low optical power (< 0.01 mW/µm2) cannot 
create a sufficiently strong local electric field to trap the nanoparticles as required for the 
assembly process. However, a too high optical power (> 0.15 mW/µm2) will induce strong 
thermal convection and Brownian motion of the plasmonic nanoparticles, causing 
instability of the particle assembly. 
Further, we find that, while the AuNIs-based plasmonic substrate is required to 
initiate the light-directed assembly of nanoparticles via the plasmon-enhanced 
photothermal effect, it is not essential to maintain and to dynamically manipulate the 
assemblies once formed. The nanoparticle assembly itself becomes a heating source to 
maintain the force balance. As shown in Fig. 4.6e, the light absorption by a AuNT assembly 
on a glass substrate can generate a temperature gradient of ~0.8 K/µm, which is even higher 
than that on the plasmonic substrate. Unlike the plasmonic substrate where the incident 
light is partially reflected at the interface between AuNIs and glass substrate, the glass 
substrate exhibits a significantly reduced reflection loss. The self-sustainability of the 
heating source sets the foundation for delivering a stable nanoparticle assembly over a non-
plasmonic substrate. As experimentally demonstrated in Fig. 4.6f, a stable AuNT assembly 
with a diameter of 4 µm was generated over the plasmonic substrate at t1, and transported 
across the AuNI/glass boundary at t2 - t4 and over the glass substrate at t5 (6 s). The transport 
was achieved by simply translating the sample stage. 
We exclude the contribution of optical tweezing effect to our light-directed 
assembly of nanoparticles. Focusing the same laser beam at the interface of a glass 
substrate and the nanoparticle dispersion could not initiate nanoparticle assembly, 
indicating that the optical force from the focused laser beam cannot trap and assemble the 
nanoparticles in this case. One may argue that the plasmon-enhanced optical force on the 
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plasmonic substrate can improve the trapping and assembling capability of nanoparticles. 
However, the AuNIs plasmonic substrate exhibits weak electromagnetic field enhancement 
under laser illumination, which is far away from the condition for the maximum optical 
gradient force that is strong enough for particle assembly.181 To further verify our 
hypothesis, we irradiated the same laser beam at the interface of AuNIs substrate and 
nanoparticle suspensions without CTAC surfactant (AuNSs stabilized in PBS solution). As 
expected, no assembly of the nanoparticles occurred due to the absence of the 
thermoelectric effect.  
Taking advantage of versatile light management via holographic optics, we 
achieved efficient manipulation of multiple nanoparticle assemblies.  The optical setup is 
displayed schematically in Fig. 4.7a. A spatial light modulator (SLM) was used to 
dynamically control the laser beam in an arbitrary manner. Desired optical patterns on the 
plasmonic substrate were obtained by focusing an expanded laser beam that is modulated 
by the SLM onto the substrate. 
Through engineering the optical patterns on the plasmonic substrate, we 
demonstrate simultaneous generation of 25 AuNT assemblies in a 5×5 square array (Fig. 
4.7b). Another example is 17 AuNT assemblies in an “Au” pattern (Fig. 4.7c). Despite an 
optical power variation of ~20% among the different laser beams generated by the SLM, 
which is caused by the design algorithm, we can still generate the multiple AuNT 
assemblies with high uniformity and stability.  Furthermore, we demonstrate the dynamic 
manipulation of the AuNT assemblies, as shown in Fig. 4.7d. In the demonstration, we 
generated 13 AuNT assemblies in a “UT” pattern at t1. A series of transport processes of 




Figure 4.7: Parallel and dynamic manipulation of multiple nanoparticle assemblies. (a) 
Schematics of the optical setup for nanoparticle assembly manipulation and “multiplex” 
in-situ SERS. (b) Optical image of 25 AuNT assemblies in a 5×5 square array. (c) Dark-
field optical image of 17 AuNT assemblies in an “Au” pattern. (d) Time-evolved optical 
images of dynamic manipulation of selected AuNT assemblies to transform the pattern. 
Scale bars: 10 µm. The total power of the 532 nm working laser beam is 7.9 mW, 3.6 mW 
and 3.6 mW for the parallel manipulation in (b), (c), and (d), respectively. The diameter of 
individual laser beams for single assemblies is 2 µm. 
Since the formation of nanoparticle assemblies only relies on the photothermal 
effect from the plasmonic substrate and the CTAC surfactant, we expect that our technique 
is applicable to metallic nanoparticles with different materials, sizes. and shapes. Along 
this line, we demonstrate the light-directed assembly of metal nanoparticles of different 
compositions, sizes, and shapes, as discussed below. This versatile manipulation of the 
nanoparticle assemblies can be harnessed as dynamic lithography to form arbitrary patterns 
of dispersed nanoparticles at solid-liquid interfaces. With their reversible characteristics, 
the lithographic patterns can be “erased” and “rewritten” repeatedly. The minimum size of 
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a single nanoparticle assembly can reach ~1 µm with our current optical setup, which is 
determined by the size of the laser spot. The light-directed dynamic manipulation of 
multiple nanoparticle assemblies also allows us to develop an in-situ SERS platform with 
enhanced sensitivity, as discussed below.   
Exploiting the plasmon-enhanced electromagnetic field at plasmonic 
nanostructures, SERS is an advanced analytical technique that can detect molecules with a 
sensitivity down to the single-molecule level.182-185 A number of approaches have been 
implemented to enhance the localized electromagnetic field and improve the SERS 
sensitivity, including tailoring the particle shape176, 186, 187 and inducing near-field 
coupling.155, 188-192 The integration of optical tweezers with SERS (also known as SERS 
tweezers) is applied for analyzing biomolecules in their native environments and 
developing optofluidics-based lab-on-a-chip systems.169-172 However, the high optical 
power required for nanoparticle manipulation in optical tweezers can potentially damage 
the biomolecules,154 which limits the applications of SERS tweezers.  
With low-power operation and reversible assembly of plasmonic nanoparticles, our 
plasmon-enhanced thermophoretic technique has advantages for its use in SERS tweezers, 
as demonstrated herein by in-situ molecular sensing. SERS measurements can also be 
applied to monitor the dynamics of light-directed nanoparticle assembly. Considering the 
critical role of CTAC in the assembly of nanoparticles, we investigated the effects of CTAC 
concentration on the performance of SERS based on our nanoparticle assemblies. For this 
study, we used AuNS assemblies as the SERS substrates and rhodamine 6G as the targeted 
molecules. A single laser beam was used for both inducing nanoparticle assembly and 
Raman excitation. As we show in Fig. 4.8a, SERS intensities at 614 cm-1 (C-C-C ring in-
plane bending mode) and 1510 cm-1 (aromatic C-C stretching mode)193 are highly sensitive 
to CTAC concentration. Specifically, both modes experience an increase and then a 
 72 
decrease in intensity when CTAC concentration was increased from 2.5 to 75 mM. An 
optimal CTAC concentration of 10-25 mM was identified for the highest SERS intensities, 
which is likely due to the opposite trend of two different parameters with the concentration 
of CTAC molecules. On one hand, the increased concentration of CTAC molecules leads 
to an enhanced thermally induced electric field, which generates stable nanoparticle 
assemblies with stronger localized electromagnetic field and more intense SERS signals. 
On the other hand, the increased concentration of CTAC hinders the adsorption of the 
targeted molecules on the plasmonic nanoparticles, leading to weaker Raman 
enhancement.  
We can further exploit the near field coupling between the plasmonic substrates 
and the plasmonic nanoparticle assemblies to improve the SERS performance. Figs. 4.8b-
c summarize the dependence of the SERS intensities (of modes at 614 cm-1 and 1510 cm-
1) on the size of AuNT assemblies over a plasmonic substrate and a glass substrate, 
respectively. In both cases, the SERS intensity increases with the size of the aggregate, 
which can be attributed to the increased number of plasmonic “hot spots” and targeted 
molecules in the larger assemblies. A significant improvement of SERS performance is 
observed for assemblies over the plasmonic substrate due to assembly-substrate plasmon 
coupling. In addition, we notice that the SERS sensitivity of AuNT assemblies is almost 
an order of magnitude higher than that of AuNS assemblies because the AuNTs exhibit 
significantly enhanced electromagnetic fields at their tips. It should be noted that exposure 






Figure 4.8: Parametric study of SERS of rhodamine 6G on plasmonic nanoparticle 
assemblies. (a) SERS intensities of 614 cm-1 and 1510 cm-1 modes as a function of CTAC 
concentration in the AuNS solution. The size of AuNS assemblies over the plasmonic 
substrate was maintained at 4.0±0.2 µm; (b) Assembly-size-dependent SERS intensities of 
the modes at 614 cm-1 and 1510 cm-1, based on AuNT assemblies over a plasmonic 
substrate; (c) Assembly-size-dependent SERS intensities of the modes at 614 cm-1 and 
1510 cm-1, based on AuNT assemblies over a glass substrate; (d) Assembly-size-dependent 
SERS intensities of the modes at 614 cm-1 and 1510 cm-1, based on AgNS assemblies over 
a plasmonic substrate. A 660 nm laser beam with a power of 0.27 mW and a diameter of 2 
µm was used for both nanoparticle assembly and SERS measurements. The rhodamine 6G 
concentration was 1 mM. Acquisition times were 10 s in (a) and 1 s in (b)-(d).  
We extended our technique to reversibly assemble AgNSs and then applied the 
AgNS assemblies for SERS detection of rhodamine 6G. Fig. 4.8d shows the dependence 
on assembly size of the SERS intensities for two modes (614 cm-1 and 1510 cm-1). AgNSs 
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with a diameter of ~100 nm exhibit a plasmon resonance wavelength of 480 nm, which is 
much shorter than the wavelength of our working laser beam (660 nm). Compared with 
AuNTs, AgNSs exhibit smaller maximum assembly size because of the faster Brownian 
motion of the smaller AgNSs and the weaker photothermal effect at the AgNS assembly. 
Still, AgNS assemblies exhibit significantly higher SERS efficiency than AuNT 
assemblies, with an enhancement factor 1 order of magnitude higher. Our observation is 
consistent with previous studies regarding the superior SERS performance of Ag 
nanoparticles.194  
We additionally evaluated the ultimate SERS sensitivity by studying the 
dependence of SERS signals on the concentration of rhodamine 6G, using a single AgNS 
assembly as SERS substrate. As shown in Fig. 4.9a, we obtained a detection limit of ~1 
µM for an acquisition time of 10 s. To further enhance the SERS sensitivity, one strategy 
comprised drying of the nanoparticle assemblies. The hydrophobic interactions between 
the CTA+ tails maintain the CTA+ double layers, which exert the electrostatic repulsive 
force on the nanoparticles to maintain a certain interparticle distance. Solvent removal 
would eliminate the hydrophobic interaction and damage the CTA+ double layers, thereby 
reducing the repulsive force. Therefore, we expected that a dried nanoparticle assembly 
would become more compact, with smaller interparticle distances due to stronger van der 
Waals interactions and weaker electrostatic repulsive forces. The more compact assemblies 
can thus enhance the local electromagnetic field at “hot spots” and the Raman signals of 
the molecules would be further amplified. Fig. 4.9b shows the time-resolved SERS spectra 
of rhodamine 6G recorded from a single AgNS assembly during solvent evaporation, 




Figure 4.9: (a) SERS spectra recorded from single AgNS assemblies over a plasmonic 
substrate, for different concentrations of rhodamine 6G. The assembly size is 5.0±0.2 µm. 
(b) Time-resolved SERS spectra of rhodamine 6G (10 µM) based on a single AgNS 
assembly during the solvent evaporation. At 0 s, the assembly is immersed in the solvent. 
At 135 s, the assembly is 100% dry. A 660 nm laser beam with a diameter of 2 µm and a 
power of 0.27 mW (a) and 0.32 mW (b) was used for both nanoparticle assembly and SERS 
measurements. Acquisition times were 10 s (a) and 15 s (b).   
We have developed a general method for light-directed reversible assembly of 
plasmonic nanoparticles based on plasmon-enhanced thermophoresis. The 
nonphotoresponsive CTAC surfactant forms a double layer to create a hydrophilic and 
positive nanoparticle surface. Such surface-functionalized nanoparticles can be driven into 
the hot region on top of a plasmonic substrate, under the plasmon-enhanced temperature-
gradient field. The coordinated action from thermophoresis induced electric force, 
electrostatic repulsive force, and van der Waals attraction enables the reversible assembly 
of plasmonic nanoparticles regardless of their composition, size, and shape. Using a 
holographic optical system, we achieved parallel manipulation of multiple particle 
assemblies. Compared with optical tweezers, our thermophoretic method features lower 
optical power and higher assembly efficiency, with simpler optics. Furthermore, we 
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demonstrate that these plasmonic nanoparticle assemblies can be applied for SERS with 
enhanced sensitivity. With low power and parallel operation, reversible nanoparticle 
assembly, and general applicability to arbitrary nanoparticles, our technique will find 






Chapter 5: Opto-Thermoelectric Printing 
5.1 OPTO-THERMOELECTRIC PRINTING OF COLLOIDAL PARTICLES IN SALT 
SOLUTIONS7 
Colloidal particles exhibit interesting properties, which are precisely tunable via 
their sizes, shapes, and compositions.195-197 They are promising as building blocks for 
various functional devices.198-202, 203, 204 To build such functional devices, one need transfer 
colloidal particles from aqueous solutions onto solid-state substrates. Interparticle, particle-
solvent, particle-substrate, and solvent-substrate interactions need be precisely controlled 
to obtain desired patterns of colloidal particles on the substrates.205-207 A myriad of printing 
techniques has been applied to create patterned colloidal particles on the substrates. Ink-jet 
printing can deposit colloidal particles into arbitrary patterns in a serial, non-contact, and 
maskless manner.208, 209 Micro-contact printing can create patterned arrays of colloidal 
particles in parallel via transfer process using stamps.38  
Recently, optical force has been harnessed to assemble colloidal particles at single-
particle resolution. For example, holographic optical tweezers were applied to trap and 
organize individual particles into any desired patterns in suspensions, which were 
immobilized in polymer matrices via photo-polymerization.210 UV-triggered click-
chemistry was also applied to link optically trapped particles onto functionalized 
substrates.211 Plasmon-enhanced optical scattering force was exploited to push plasmonic 
nanoparticles in suspensions onto the substrates where the nanoparticles were bonded with 
van der Waals force.42, 102, 165, 212 
                                                
7 Section 5.1 was published in the journal: L. Lin*, X. Peng*, and Y. Zheng, Reconfigurable Opto-





Figure 5.1: Schematic illustration of optical setup for opto-thermoelectric printing (OTP). 
In this figure, polystyrene colloidal particles (indicated by PS solution) are printed on 
plasmonic substrates.  
Despite their versatile patterning of colloidal particles at single-particle resolution, 
current optical techniques have limitations. Specifically, optical tweezers require well-
focused high-power laser beams and complex optics. Additional chemical reactions are 
often required to immobilize the optically assembled colloidal particles in polymer 
matrices or on substrates. While the plasmon-enhanced optical scattering force is capable 
of printing the particles on the substrate, it is only applicable to plasmonic nanoparticles.213 
Herein, to overcome the limitations, we have developed an opto-thermoelectric printing 
(OTP) technique that uses simple low-power optics. The OTP employs light-controlled 
thermophoresis to trap and print colloidal particles at single-particle resolution. Moreover, 
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the OTP allows us to selectively release the printed particles and to reprint them at new 
sites, enabling reconfigurable patterning of particles.  
Thermophoresis has proved effective in low-power transport of particles and 
molecules in fluids.17, 63, 114, 214 Driven by a thermoelectric field that arises from the 
concentration gradient of ions in the fluids, i.e., the Seebeck effect, colloidal particles can 
migrate along a temperature gradient.14, 15, 136 For the OTP, we balance light-induced 
macroscopic electric fields, localized electric fields, and particle-substrate depletion 
attraction to achieve optical trapping, printing, releasing and reprinting of colloidal 
particles. With its versatile and reconfigurable colloidal patterning using simple low-power 
optics, the OTP will find applications in cellular biology, tissue engineering, and 
fabrication of metasurfaces.215-217  
Our experimental setup for the OTP is depicted in Fig. 5.1. For an initial 
demonstration, we chose a plasmonic substrate for its high opto-thermal conversion 
efficiency. The plasmonic substrate is consisted of networked Au nanoparticles of sizes of 
20-40 nm on a glass slide, which exhibits localized surface plasmon resonances at a visible 
wavelength. A mixed solution of polystyrene (PS) spheres, NaCl (10-100 mM), and 
cetyltrimethylammonium chloride (CTAC) molecules (0.05-10 mM) was sandwiched 
between the substrate and a coverslip with a spacer of 120 µm in thickness (inset in Fig. 
5.1). When a 532 nm laser beam was focused onto the plasmonic substrate, a plasmon-
enhanced collective heating regime was established at the substrate-solution interface, 
leading to a temperature gradient that points toward the laser beam center.181 The 





Figure 5.2: Opto-thermoelectric trapping and printing of colloidal particles. (a-d) Trapping 
and printing of a single 2 µm PS sphere by a single laser beam: (a) the sphere transport 
toward the laser beam, (b) trapping of the sphere at the laser beam with a low optical power, 
(c) printing of the trapped sphere at an increased optical power, (d) the printed sphere 
stayed at the original site on the substrate when the laser beam was moved away. Insets are 
optical images of the PS sphere and the laser beam spot at the different states. Scale bars: 
4 µm. (e) A bright-field optical image of printed “TMI” pattern of 1 µm PS spheres on the 
substrate. Scale bar: 10 µm. (f) A dark-field optical image of printed 3-by-3 array of 500 
nm PS spheres on the substrate after being dried. Scale bar: 5 µm. 
Figs. 5.2a-d show schematics and experimental demonstration of the opto-
thermoelectric trapping and printing of a single PS sphere with a diameter of 2 µm. Upon 
irradiation of the laser beam at a power of 0.72 mW/µm2 on the substrate, a PS sphere 
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moved towards the laser beam (Fig. 5.2a) and was trapped at the edge of the laser beam 
(Fig. 5.2b). The trapped PS sphere can be transported to any targeted location by 
controlling the motorized stage of the optical microscope or steering the laser beam with a 
digital micromirror device. By simply increasing the laser power to 1.20 mW/µm2, we 
printed the trapped PS sphere onto the substrate (Fig. 5.2c).  The printed sphere would 
stay at the original site on the substrate when the laser beam was moved away (Fig. 5.2d). 
The OTP is versatile in printing colloidal particles onto the substrate to form various 
patterns. For example, we printed seventeen 1 µm PS spheres into a “TMI” pattern (Fig. 
5.2e) and nine 500 nm PS spheres into a 3×3 array (Fig. 5.2f) by directing the laser beam 
over the substrate. In the OTP, the bonding between the printed spheres and the substrate 
is quite strong. As shown in Fig. 5.2f, the printed pattern remained after the substrate was 
rinsed and dried.  
To elucidate the working principle of the OTP, we have integrated experiments and 
theoretical analyses to understand both the trapping and printing mechanisms. As 
illustrated in Fig. 5.3a, a balance of the opto-thermoelectric repulsive force Fr (from a 
localized electrostatic field) and the opto-thermoelectric trapping force Ft (from a 
macroscopic electric field) on the PS sphere leads to its trapping at the edge of the laser 
beam and near the substrate-solution interface. In the following, we fully explain the 
particle-trapping mechanism by analyzing three major processes.  
(I) The laser beam focused at the substrate-solution interface creates a well-defined 
temperature gradient (with the hottest region at the laser beam center and the substrate 
surface) due to the plasmon-enhanced opto-thermal effect. Both Na+ and Cl- ions in the 
mixed solution migrate from the hot to the cold region due to the thermophoresis effect. 
The different Soret coefficients of the ions, i.e., ST (Na+) > ST (Cl-), lead to accumulation 
of Na+ and Cl- ions in the cold and the hot region, respectively.15 Thus, a macroscopic 
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electric field pointing from the cold to the hot region is established, which can trap 
positively charged particles at the laser beam with the opto-thermoelectric trapping force 
Ft.  
(II) Since the as-purchased PS spheres in deionized (DI) water were negatively 
charged, we added cationic surfactant (i.e., CTAC) to obtain the positively charged PS 
spheres due to the formation of CTAC double layers on the sphere surfaces. The positively 
charged PS sphere experiences a temperature-dependent electrostatic potential −∇e
e
𝜓] 




∇𝑇 to the hot region, where 𝜏 is the scaling factor considering the spatially 
varying temperature gradients, 𝜁X¹  is the surface potential of the PS spheres, 𝜀 is the 
dielectric constant of the solvent, and 𝜂  is the viscosity of the solvent.9 c¶
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Helmholtz-Smoluchowski electrophoretic mobility from which the thermal diffusion 




 (III) Meanwhile, the CTAC molecules above its critical micelle concentration 
(ccmc=0.13 mM) also self-assemble into positively charged micelles. Under the 
macroscopic electric field, the CTAC micelles migrate from the cold to the hot region.218 
The Soret coefficient of the CTAC micelles is written as,17 
𝑆Q	 ®R¯¡aa¡ = −
𝑘¨𝑇𝜇®R¯¡aa¡
𝑒	𝐷®R¯¡aa¡
𝑆Q	 Na − 𝑆Q	 ClL
2  (13) 
where 𝑘¨	is Boltzman constant, T is the temperature, e is the elementary charge, and 
𝜇®R¯¡aa¡  and 	𝐷®R¯¡aa¡  are the electric mobility and mass diffusion coefficient of the 
micelles. The accumulation of the CTAC micelles at the hot region generates a localized 
electrostatic field pointing outwards the laser beam. Thus, an opto-thermoelectric repulsive 
force is exerted on the positively charged PS sphere. The repulsive force between a CTAC 
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where 𝜀 is the dielectric constant of the solvent, 𝜓S and 𝜓 	are the surface potentials of 
the micelle and the sphere, 𝑟S  and 𝑟   are the hard-sphere radii of the micelle and the 
sphere,  𝑟S 	is the distance between the micelle and the sphere, and 𝜅 is the inverse Debye 
length determined by the ionic strength. In our system, 𝜅 is mainly determined by the 
concentration of NaCl, which is at least 1 order of magnitude higher than the CTAC 
concentration. We neglect the influence of ionic strength on the hard-sphere radius of 
micelles since the NaCl concentration is still low (<0.1 M). The total opto-thermoelectric 
repulsive force Fr on the PS sphere due to an inhomogeneous distribution of the CTAC 







) ∝ 𝑐𝑆Q	 ®R¯¡aa¡ ∇𝑇 𝜅	exp −𝜅𝑑S  	 (15) 
where c is the average concentration of CTAC micelles that envelop the PS sphere. The 
balanced repulsive force Fr and trapping force Ft on the PS sphere lead to its stable trapping 
at the edge of the laser beam (Fig. 5.3a). 
We have carried out a series of experiments to confirm the particle-trapping 
mechanism. Firstly, we did the parametric study on the sphere-trapping stability by 
measuring the escape velocity of a trapped PS sphere as a function of optical power and 
CTAC concentration. As shown in Fig. 5.3b, at a constant CTAC concentration, an increase 
of the optical power enhances the escape velocity and thus the trapping stability of the 
sphere. The enhanced trapping stability is consistent with our analysis of the repulsive force 
Fr and trapping force Ft on the PS sphere that are proportional to ∇𝑇. However, one may 
expect a linear relation between the escape velocity and the optical power that is linearly 
proportional to ∇𝑇.  Instead, the increase rate of the escape velocity slows down at the 
 84 
higher optical power. The deviation from a linear relation is attributed to thermoosmosis, 
which drives the PS sphere toward the cold region (i.e., weakening the trapping).219  
At a constant optical power, the escape velocity increases and then decreases when 
the CTAC concentration is increased (Fig. 5.3b), which is also consistent with our proposed 
trapping mechanism. Specifically, when the CTAC concentration was increased from 0.05 
mM to 0.1 mM (which is below ccmc), the density of positive surface charge on the PS 
sphere from the adsorbed CTAC surfactant was increased, enhancing the trapping force by 
the macroscopic electric field and thus the escape velocity. The surface charge density of 
the PS sphere was further increased when the CTAC concentration was continuously 
increased. Meanwhile, CTAC micelles formed when the CTAC concentration exceeded 
ccmc (0.13 mM). The accumulated CTAC micelles at the hot region increased the repulsive 
force Fr on the positively charged PS sphere, reducing the escape velocity.  
As summarized in a phase diagram in Fig. 5.3c, tuning NaCl concentration and 
optical power leads to various particle-manipulating regimes. At low NaCl concentrations 
(i.e., <10 mM), the macroscopic electric field from the preferred accumulation of Na+ and 
Cl- ions in the cold and the hot region is weak. As a result, the trapping force Ft on the PS 
sphere is weaker than the opto-thermoelectric repulsive force Fr, which prevents the PS 
sphere from being trapped by the laser beam (known as “repelling” regime). At high NaCl 
concentrations (i.e., >30 mM), the PS spheres in the solution sediment onto the substrate 
due to the small Debye screening length, which is known as “sedimentation” regime. The 
“trapping” regime occurs at moderate NaCl concentrations (i.e., 10-30 mM) where, above 
the critical optical power, the trapping force Ft on the PS sphere becomes stronger than the 















Figure 5.3: Working principle of the OTP. (a) Schematic illustration of the opto-
thermoelectric trapping of a PS sphere at a balance between the thermoelectric trapping 
force 𝐹Ã and the thermoelectric repulsive force 𝐹. Inset shows the accumulation of CTAC 
micelles at the hot region with the laser beam. (b) Escape velocity of a single trapped 2 µm 
PS sphere as a function of CTAC concentration and optical power. The NaCl concentration 
was fixed at 10 mM. (c) Phase diagram shows different particle-manipulation regimes at 
variable optical power and NaCl concentrations. The diagram is based on 2 µm PS spheres. 
The CTAC concentration was fixed at 0.2 mM. Colour bar in the trapping regime indicates 
that the escape velocity depends on the optical power and NaCl concentration. The printing 
regime is indicated by slash lines. (d) Schematic illustration of the micelle-mediated 
depletion attraction between the sphere and the substrate in the printing regime. ∆𝑉 is the 
depletion volume and ∆P  is the osmotic pressure difference between the bulk region and 
the depletion region. 
More interestingly, the printing of the trapped PS spheres onto the substrate can be 
achieved by simply increasing the optical power, as indicated by “printing” regime in Fig. 
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5.3c. An increased optical power reduced the gap between the trapped particle and the 
substrate, leading to the entropy-driven depletion of the CTAC micelles at the particle-
substrate interface and the formation of strong depletion attraction between the particle and 
the substrate. The depletion attraction acts as the binding force between the particle and the 
substrate in the OTP. As shown in Fig. 5.3d, an osmotic-pressure imbalance between the 
depletion region and the bulk region generates a pinning force to fix the particle on the 
substrate. The depletion attraction potential is described as 𝑈Å = −∆𝑉∆P, where ∆𝑉 is 
the depletion volume and ∆P  is the osmotic-pressure difference.  When the laser is 
turned off, the depletion attraction can still overcome the electrostatic repulsive force to 
maintain the bonding between the particle and the substrate. By combing the optical 
trapping and on-demand printing, we can create arbitrary patterns of colloidal particles on 
the substrates.  
Finally, we have achieved releasing of the printed particles from the substrate and 
reprint them at new sites on the substrate. The releasing and reprinting capabilities lead to 
a new concept of reconfigurable printing. As illustrated in Fig. 5.4a, by turning back on the 
laser and centering the laser beam to the printed particle, we can drive the accumulation of 
the CTAC micelles within the particle-substrate gap. The micelles in the gap weakens the 
depletion attraction between the particle and the substrate. Meanwhile, the repulsive 
electrostatic force Fr on the particle becomes stronger due to the accumulated micelles in 
the gap, eventually breaking the particle-substrate bonding and repelling the particle into 
the bulk solution Fig. 5.4b. In contrast to the depletion attraction, van der Walls forces that 
were applied to bind particles to substrates prevented the releasing of the particles.220   
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Figure 5.4: Releasing and reprinting of colloidal particles for the reconfigurable OTP. (a) 
Schematic illustration of the principle for releasing a printed particle from the substrate. 
Inset shows the accumulation of CTAC micelles in the gap between the particle and the 
substrate. (b) Schematics and optical images of the releasing of a 2 µm PS sphere that was 
previously printed on the substrate. Scale bars: 5 µm. (c) Schematics and (d) optical images 
of the reconfigurable printing of a “sad”-face pattern into a “smile”-face pattern consisted 
of 2 µm PS spheres. The transformation is done by releasing one of the spheres (as 
indicated by a blue circle in top-right frame of Fig. 5.4(c)) and re-printing it at a new site 
on the substrate. The yellow marks in (d) are added for a better visualization. The diamond-
shaped spots in (d) are laser beams. Scale bar: 5 µm. 
We have further demonstrated the reconfigurable printing, as shown in Figs. 5.4c-
d. We initially printed multiple 2 µm PS spheres into a “sad”-face pattern. By controlling 
the laser beam to selectively release one of the printed spheres and to re-print it at a new 
site on the substrate, we transformed the “sad”-face pattern into a “smile”-face pattern. 
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In summary, we have developed an OTP technique to print patterns of colloidal 
particles on the substrates. By controlling macroscopic and localized opto-thermoelectric 
fields, we can optically trap and print colloidal particles. The bonding between the particles 
and substrates can be broken optically to release the particles, enabling reconfigurable 
printing. With its versatile low-power operation, the OTP will find applications in colloidal 
science and nanofabrication. 
5.2 OPTO-THERMOELECTRIC PRINTING OF COLLOIDAL SUPERSTRUCTURES IN 
HYDROGEL SOLUTIONS8 
Precise patterning of micro- and nano-structures with complex geometries and 
configurations is essential for fabrication of functional materials and devices.221-223 
Bottom-up assembly techniques through immobilization and patterning of colloidal 
particles with precise control of location, spacing, and orientation are particularly 
promising for the development of functional materials and devices.224-227 First, colloidal 
particles as building blocks exhibit precisely tailorable properties down to atomic scale.228 
Second, high-quality crystallinity of colloidal particles from chemical synthesis is retained 
in the assembly process.229 Third, assembly of colloidal particles into colloidal matter with 
precise geometric control will induce collective behaviors beyond what occurs in 
individual particles.230, 231  
A wide range of techniques have been used to build colloidal superstructures and 
materials. As a widely applied technique, self-assembly autonomously builds colloidal 
particles into patterns, which is however often limited to thermodynamically stable 
colloidal structures.232 DNA-guided assembly has also been extensively explored to 
                                                
8 Section 5.2 was published in the journal: X. Peng*, J. Li*, L. Lin*, Y. Liu, and Y. Zheng, Opto-
Thermophoretic Manipulation and Construction of Colloidal Superstructures in Photocurable Hydrogels, 
ACS Appl. Nano Mater., 2018, 1, 3998-4004. I am a leading author 
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construct programmable particle superlattices, periodic arrays, and asymmetric clusters.233-
236 In particular, the DNA origami technique can create plasmonic nanostructures with 
precise geometry and position, which can be used for enhanced Raman spectroscopy237, 238 
and tunable chiral structures.239, 240 
Optical forces have been explored to pattern colloidal particles into arbitrary 
superstructures.42, 109, 110, 164-166, 212, 241-244 One strategy is to trap and assemble particles into 
superstructures with optical tweezers and to immobilize the assembled superstructures 
through van der Waals forces164, 166 or chemical linkages such as photopolymerization.241, 
243 Conventional optical tweezers require high power, which may cause irreversible 
photdamage to the colloidal particles.174 Optical printing based on plasmon-enhanced 
optical radiation force is a low-power technique for precise patterning of plasmonic 
nanoparticles, however, plasmonic heating of already fixed nanoparticles prevents the 
assembly of particle dimers and clusters in near-field coupling regime.42, 165, 212 To 
overcome this heating obstacle, Stefani’s group proposed the use of laser beam that is off-
resonance to the plasmon peak wavelength of the printed particles165 or the use of substrates 
with high thermal conductivity.244 Despite all the research efforts, the low-power and 
versatile optical assembly of colloidal superstructures still remains elusive.  
Thermophoresis, which is directed migration of suspended particles under external 
temperature gradients, has been extensively studied for manipulation of colloidal 
particles.15, 61, 64, 65, 69, 70, 219, 245, 246 Light-controlled thermophoresis has been judiciously 
harnessed for low-power optical manipulation of dielectric particles,67, 68 plasmonic 
nanoparticles,247 and biological cells.77 However, most of opto-thermophoretic techniques 
have been limited to particle manipulation in aqueous solutions with relatively simple 
compositions. Immobilization of opto-thermophoretically assembled colloidal 
superstructures for device applications has remained challenging. Herein, we achieve low-
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power opto-thermoelectric manipulation of colloidal particles in complex hydrogels and 
further demonstrate the all-optical construction of colloidal superstructures. Specifically, 
we exploit the micelle-mediated thermoelectric field and depletion attractive force in a 
light-controlled temperature field for versatile manipulation and assembly of colloidal 
particles in photocurable hydrogels. Furthermore, through UV-induced 
photopolymerization of the hydrogels, we successfully immobilize the assembled colloidal 
superstructures via the polymer joint. With the low operation power, versatile control, and 
in-situ polymerization-based bonding, our opto-thermoelectric manipulation in hydrogels 
will find applications in colloidal devices and materials science. 
Figs. 5.5a-b illustrate the working principle of opto-thermoelectric trapping and 
patterning of a colloidal particle in a photocurable hydrogel. The colloidal particle is 
suspended in a mixture of cetyltrimethylammonium chloride (CTAC) molecules and 
photocurable hydrogel, which is sandwiched between a thermoplasmonic substrate and a 
glass cover slide. Above its critical micelle concentration (𝑐¯®¯ : 0.13-0.16 mM), the 
cationic CTAC surfactant molecules self-assemble into positively charged micelles with a 
mean radius of 3 nm. CTAC molecules also adsorb on the colloidal particle surface through 
electrostatic and hydrophobic interactions, leading to a positively charged particle. The 
hydrogel consists of 10% poly(ethylene glycol) diacrylate (PEGD) 3400 polymers as the 
cross-linking reagent and 0.05% Irgacure 2959 as the photoinitiator. A temperature 
gradient is created by irradiating a laser beam onto the thermoplasmonic substrate 
consisting of a high density of Au nanoparticles, where the excitation of surface plasmons 
leads to high light-to-heat conversion efficiency. The difference in Soret coefficients 
between CTAC micelles (also known as macro ions) and Cl- counter-ions causes the ionic 
separation. Thus, a localized thermoelectric field 𝐸Q is built to trap the positive particle, 
as shown in Fig. 5.5a. Once the particle is trapped and delivered to a target location, 
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ultraviolet (UV) light is applied to trigger the cross-linking reaction among dispersed 
PEGD chains and lock the particle onto the substrate, leading to the patterned or 
immobilized particle (Fig. 5.5b). A real-time process of trapping and patterning a 1 µm 
polystyrene (PS) bead is shown in Fig. 5.5c. The optical intensity for the opto-
thermoelectric trapping ranges from 0.1 to 0.5 mW/µm2, which is about 3 orders of 
magnitude lower than that of optical tweezers.243, 248 With a typical power intensity of 0.2 
mW/µm2, particles can be effectively delivered to the trapping center within a surrounding 
region of 10 µm in radius.247 
CTAC surfactant is critical to the low-power opto-thermoelectric manipulation. 
Meanwhile, the PEGD polymers, the main constituents of the hydrogels, also undergo 
thermophoresis, which may affect the migration behaviors of colloidal particles in the 
hydrogel solution. It has been reported that depletion of polymers can lead to accumulation 
of colloidal particles at the thermal hot spot in colloid-polymer mixtures.18 To evaluate the 
contributions of the PEGD polymers and CTAC micelles to the trapping of colloidal 
particles, we studied the trapping kinetics of a single 500 nm PS sphere under a light-
controlled temperature field in a pure hydrogel solution (Figs. 5.6a-b) and a hydrogel 
solution of 10 mM CTAC (Figs. 5.6c-d), respectively. Both solutions were confined in a 
20 µm thin chamber to suppress the thermal convection and to rule out the thermofluidic 
effect on the colloidal dynamics.249 The real-time trajectories of colloidal particles under 
the temperature field were recorded with a fast CCD camera. Under a temperature gradient 
∇𝑇 with a magnitude of ~ 10 K/µm,247 the 500 nm PS bead in the pure hydrogel solution 
underwent Brownian motion without significant confinement by the laser spot, as shown 
in Fig. 5.6b. It implies the depletion force arising from the 10% PEGD polymers was too 
weak to overcome the Brownian motion of the particle for its stable trapping.  
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Figure 5.5: Opto-thermoelectric trapping and patterning of a colloidal particle in a 
hydrogel solution. (a) Schematic illustration of trapping of a colloidal particle in a 
thermoelectric field induced by the thermophoretic separation of dispersed CTAC micelles 
and Cl- ions. (b) Schematic illustration of immobilization and patterning of the trapped 
colloidal particle through UV cross-linking. (c) Sequential optical images of trapping and 
patterning of a 1 µm PS sphere in a hydrogel solution with 20 mM CTAC. The 
thermoplasmonic substrate in (a-b) represents a quasicontinuous film consisting of a high 
density of Au nanoparticles. A 532 nm laser beam with a diameter of 2 µm and an optical 
intensity of 0.3 mW/µm2 was used for opto-thermoelectric trapping. The laser beam is 
































Figure 5.6: Effect of CTAC concentration on opto-thermoelectric trapping of colloidal 
particles. (a) Schematic illustration and (b) time trace of a 500 nm PS sphere under an 
optically controlled temperature field in a pure hydrogel solution. (c) Schematic illustration 
and (d) time trace of a 500 nm PS sphere under an optically controlled temperature field in 
a hydrogel solution with 10 mM CTAC. (e) Trapping stiffness for 500 nm PS spheres as a 
function of CTAC concentration. 𝜅Æ  and 𝜅Ç  are the trapping stiffness in the x and y 
directions, respectively. The error bars represent the deviation in five measurements with 
different particles. A (a-d) 20 µm and (e) 120 µm thick spacer were used to confine the 
solutions between a Au substrate and a coverslip, respectively. A 660 nm laser beam with 
a diameter of 943 nm and an optical power of 0.23 mW was irradiated onto the Au substrate  
In contrast, the PS bead was stably trapped in the hydrogel solution with 10 mM 
CTAC, as shown in Fig. 5.6d. It should be noted that the temperature gradient ∇𝑇 is barely 
changed when introducing the CTAC into the hydrogel solution, for ∇𝑇	is determined by 
the heat transfer between the Au substrate and the hydrogel solution. Under the temperature 
gradient ∇𝑇 (~ 10 K/µm), both the CTAC micelles and Cl- ions migrate from the hot to 




mobility. When it comes to steady state, a concentration gradient forms in the temperature 
field, i.e. ∇𝑐 = −𝑆Q𝑐∇𝑇, where 𝑐 is the micelle or ion concentration, and 𝑆Q = 𝐷Q/𝐷 (𝐷 
is the diffusion coefficient) is the corresponding Soret coefficient. Due to a much larger 
Soret coefficient of the CTAC micelles (~10-2 K-1) than that of the Cl- ions (~7.18 × 10-4 
K-1), the spatially redistributed CTAC micelles and Cl- ions generate the thermoelectric 
field 𝐸Q	that directs the positively charged PS beads along the temperature gradient, i.e. 
from the cold to hot region. Trapping of the beads is achieved at the laser spot with the 
balanced thermoelectric force and repulsive electrostatic force from the substrate. The 
substrate is also positively charged due to the coating of CTAC double layers.179 To 
estimate the trapping stability, we conducted Gaussian fitting for the histogram of the 
particle displacements, which gives a variance 𝜎 of ~ 15 nm in both the x and y directions, 
corresponding to a trapping stiffness 𝜅 of ~ 37 pN/µm (𝜅 = Me

). To generate the same 
trapping stiffness for a 500 nm PS sphere, optical tweezers typically require a power of 
~100 mW,243, 248 which is 3 orders of magnitude higher than the working power (0.23 mW) 
of our opto-thermoelectric tweezers.  
Besides the opto-thermoelectric field from the thermophoretic migration of CTAC 
micelles and Cl- ions, the interaction between the CTAC surfactant and the PEGD polymers 
should also be considered for the trapping behaviors of colloidal particles. Specifically, the 
association or binding of the CTAC micelles to the PEGD polymers, which scales linearly 
with the polymer concentration,250 can significantly screen the thermoelectric field and 
increase the critical CTAC concentration for efficient opto-thermoelectric trapping. In the 
10% PEGD polymer solution, which is typically the lowest concentration for UV cross-
linking, we obtained a minimum CTAC concentration of 2 mM for trapping, which is 1 
order of magnitude higher than that in aqueous solutions without hydrogels. When the 
CTAC concentration increases from 2 to 20 mM, the association effect becomes saturated 
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and the amount of free-form CTAC micelles increases linearly.  It should be noted that the 
thermophoresis of CTAC micelles also introduces a depletion force between the particle 
and the substrate, which improves the trapping stiffness at high CTAC concentration. To 
verify our hypothesis, we measured the trapping stiffness of single 500 nm PS beads as a 
function of CTAC concentration from 2 to 20 mM (Fig. 5.6e). The trapping stiffness 
increases rapidly with the CTAC concentration in the range of 2-10 mM because of the 
enhanced particle-substrate depletion attraction and becomes relatively constant in the 
range of 10-20 mM. The trapping stiffness at 20 mM CTAC is improved by 1 order of 
magnitude because of the dominant depletion force.247 
It is essential for a fabrication technique to pattern colloidal particles of various 
sizes and compositions while retaining their intrinsic physical properties. We have further 
integrated a high-performance spectrometer into our tweezers to carry out in-situ dark-field 
optical spectroscopy of the patterned particles, which include high-refractive-index silicon 
nanospheres (SiNSs) and plasmonic gold nanospheres (AuNSs). Fig. 5.7a shows the 
scattering spectra of a single 300 nm SiNS trapped in the hydrogel near the substrate (blue 
curve) and patterned onto the substrate after UV-induced cross-linking of the hydrogel (red 
curve). Two scattering peaks emerge at 675 and 765 nm, which correspond to the electric 
quadrupole and magnetic quadrupole due to Mie resonance of the SiNS, respectively.251 
No obvious change in the spectra of a 300 nm SiNS (Fig. 5.7a) and a 500 nm SiNS after 
the patterning indicates the cross-linking process does not change the surroundings’ 
refractive index or the particles themselves. We have further demonstrated the patterning 
of 100 nm AuNS dimers that support the near-field coupling. As shown in Fig. 5.7b, the 
scattering peak (580 ±	10 nm) of a single AuNS splits into two peaks when two AuNSs 
are trapped and patterned in a hydrogel solution of 20 mM CTAC. Our finite-difference 
time-domain (FDTD) simulation reveals that the two peaks correspond to a longitudinal 
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mode (636 nm) and a transverse mode (570 nm) of the coupled AuNS dimer with a gap of 
~30 nm. Repeated measurements of various AuNS dimers show that the longitudinal mode 
spans the range of 636 ±	10 nm, which represents a gap distance of 25-50 nm. The 
capability of patterning nanoparticles at the near-field coupling distance enables the 
construction of complex architectures with emerging properties.  
We have applied the opto-thermoelectric manipulation and patterning to build 
diverse colloidal superstructures with colloidal particles of various sizes, dimensions and 
compositions. The interparticle depletion attraction interaction acts as the major “bonding” 
force to assemble the superstructures in hydrogels,68 which are further immobilized via 
photopolymerization. Figs. 5.8a-c show two-dimensional (2D) close-packed colloidal 
superstructures of 1 µm, 2 µm, and 5 µm PS spheres, respectively. It is worth noting that 
the as-built superstructures remained intact even after the samples were rinsed and dried. 
The scanning electron micrograph in Fig. 5.8c shows the superstructure was joined by 
photocured hydrogels. Fig. 5.8d shows a one-dimensional (1D) chain of 2 µm PS spheres. 
Fig. 5.8e shows a 2D Saturn-ring structure consisting of a 5 µm PS sphere surrounded by 
eight 2 µm PS spheres. By further incorporating optical scattering force into the opto-
thermoelectric system, we achieve out-of-plane manipulation to build three-dimensional 
(3D) superstructures. As an example, we show a 3D tetrahedron superstructure with four 2 
µm PS spheres (Fig. 5.8f). To demonstrate the capability of building hybrid colloidal 
superstructures with particles of different compositions and sizes, we manage to arrange 
two 5 µm PS spheres and two 2 µm silica particles into two types of configurations (Figs. 
5.8g-h). Figs. 5.8i-j show that three PS spheres with different sizes are arranged into left-
handed or right-handed chiral configurations. 
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Figure 5.7: Optical spectroscopy of trapped and patterned nanoparticles in hydrogel 
solutions. (a) Dark-field scattering spectra of a 300 nm SiNS before and after cross-linking. 
(b) Dark-field scattering spectra of a single AuNS (bottom) and two AuNSs as a dimer 
(top) after cross-linking. The insets show the schematic illustrations and dark-field optical 
images for each curve after cross-linking. A 532 nm laser beam with a diameter of ~ 520 
nm and a power intensity of 0.2 mW/µm2 was used to trap the particles in a hydrogel 
solution of 20 mM CTAC. Scale bars in the insets of (a-b): 1 µm. 
Exploiting micelle-mediated opto-thermoelectric fields for colloidal manipulation 
in hydrogels and UV-induced photopolymerization of the hydrogels, we have developed 
an opto-thermoelectric printing technique for versatile assembly of colloidal particles onto 
solid-state substrates. It is revealed that thermophoresis of the CTAC micelles, particle-
substrate and particle-particle depletion attraction, and the micelle-polymer bonding 
contribute to the opto-thermoelectric trapping. The trapping efficiency can be optimized 
by tuning the CTAC concentration and a trapping stiffness of tens of pN/µm can be 
achieved for submicron colloidal particles. Using colloidal particles in a wide range of sizes 
and compositions as the building blocks, we demonstrate the assembly of complex 
colloidal superstructures with diverse configurations. Integrating in-situ spectroscopic 
analysis into the opto-thermoelectric system, we can study the responses of colloidal 
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superstructures to light fields. With its versatile, low-power, and noninvasive operation, 
the opto-thermoelectric patterning strategy will find applications in studies of light-matter 



































Figure 5.8: Opto-thermoelectric assembly and immobilization of various colloidal 
superstructures in hydrogel solutions. Assembly of (a) 1 µm, (b) 2 µm, and (c) 5 µm PS 
spheres into 2D close-packed superstructures. (d) 1D assembly of 2 µm PS spheres. (e) 2D 
hybrid assembly of a Saturn-ring superstructure with a 5 µm PS sphere and eight 2 µm PS 
spheres. (f) 3D assembly of a close-packed tetrahedron superstructure with four 2 µm PS 
spheres. (g) 2D hybrid assembly of a 5 µm PS sphere surrounded with four 2 µm silica 
spheres. (h) 2D hybrid assembly of two 5 µm PS spheres and two 2 µm silica spheres. (i-
j) 2D hybrid assembly of a 1 µm, 2 µm, and 5 µm PS sphere into two close-packed 
superstructures with an opposite chirality. The pink images are the corresponding optical 
microscopy images. The inset in (c) shows the scanning electron micrograph of the 
corresponding superstructure after cross-linking of the hydrogel. All the colloidal 
superstructures were assembled in hydrogel solutions of 20 mM CTAC and patterned via 
UV-induced cross-linking. For assembly, 20 mM is an optimized concentration for strong 
depletion attraction between the assembled particles. A 532 nm laser beam with a diameter 




Chapter 6: Conclusion and Perspective9 
Optothermal manipulation techniques, which exploit photon-phonon conversion 
and heat-directed migration, provide versatile control of diverse species such as colloidal 
particles, micelles, molecules, and living cells. Various approaches for optothermal 
manipulation of colloidal particles and living cells have been demonstrated through a 
combination of Marangoni convection, thermophoresis, thermoelectricity, and depletion 
attraction. In contrast to conventional optical tweezers, which often rely on optical gradient 
force generated with rigorous optics and a high-power laser, optothermal manipulation 
techniques use low-power and simple optics.  
Optimization of light-controlled temperature gradients is the key to optothermal 
manipulation. Future development of this field relies on the rational management of optical 
heating. Specifically, any substrate with a high optothermal conversion efficiency and a 
low thermal conductivity is highly desired to improve the optothermal manipulation 
efficiency and to reduce optical power for noninvasive manipulation. There is also much 
room for optimization of the heating optics. For example, use of a femtosecond laser pulse 
for optical heating could limit both heat transfer and collective heating on the substrates, 
improving the temperature gradient for optothermal trapping. 
The functionality of optothermal manipulation can be extended by multiple-field 
coupling. We have shown that coupling of light, temperature, and electric fields enables 
optothermoelectric manipulation. We expect that incorporation of a magnetic field into a 
light-controlled temperature field will enable opto-thermomagnetic manipulation. 
Examples include optical heating of ferromagnetic particles to around their Curie point, at 
                                                
9 Chapter 6 was published in the journal: L. Lin, E. H. Hill, X. Peng, and Y. Zheng, Optothermal 
Manipulations of Colloidal Particles and Living Cells, Acc. Chem. Res., 2018, 51, 1465-1474. I am a co-
author of this review paper. 
 
 101 
which ferromagnetic materials lose their permanent magnetic properties. In addition, 
design of complex particles such as Janus particles with regions of different optical, 
thermal, electric, or magnetic responses could provide new manipulation scenarios and 
functionalities. 
One of the most promising applications of optothermal manipulation is the 
assembly of functional colloidal materials and devices. Practical applications of colloidal 
materials and devices depend on the development of scalable and versatile assembly 
techniques. Through versatile control of configurations and interparticle interactions, 
optothermal manipulation techniques enable a wide range of functional colloidal devices 
such as colloidal waveguides, tunable lasers, and sensors. 
Future use of optothermal techniques for noninvasive manipulation of biological 
objects will bring new revolutions in life sciences and early disease diagnostics. For 
example, the optothermal assembly of colloidal matter at single-particle resolution will 
provide a new platform for exploration of how matter organizes. Molecular manipulation 
across and inside living cells will also provide new insights into cellular drug delivery and 
intracellular biomolecular interactions. Recently, Reichl et al. demonstrated 
thermophoretic manipulation of molecules in living cells.61 In contrast to electrophoresis 
where the electric field can be screened by the cell membrane and electrophoretic control 
can hardly function, opto-thermophoresis can be compatible with cellular environments. It 
should be noted that biological membranes significantly change across species and with 
environmental temperature and pH, providing both opportunities and challenges for 
optothermal manipulation of biological objects. In all cases, the temperature field should 
be carefully designed to avoid thermally induced biological damage. 
We anticipate that with their low-power, noninvasive, and versatile manipulation 
of colloidal particles, living cells, and molecules, optothermal manipulation techniques will 
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not only accelerate progress in scientific research in colloidal science, life sciences, 
nanoscience, and materials sciences but also lead to new functional materials, 
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